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INTRODUCTION

Nanotechnology holds great promise for the imaging and treatment of breast cancer. In this regard, magnetic
nanoparticles have utilies in cancer imaging via Magnetic Resonance Imaging (MRI) technologies, and utilities
in cancer treatment via hyperthermia induction upon exposure to an alternating magnetic field. However,
success of both utitilities will greatly depend on the ability to target these magnetic nanoparticles selectively to
tumors. In this regard, adenoviral gene therapy vectors have made great progress in selectively targeting
tumors, both in vitro and in vivo. Of note, we have previously linked metal (gold) nanoparticles to adenoviral
(Ad) vectors, and have demonstrated that gene transfer and vector tumor targeting are not negatively affected
by this process. This feasibilizes future combination of nanotechnology-mediated imaging and treatment of
cancer with gene therapy. We therefore herein propose to explore the paradigm of coupling magnetic
nanoparticles to targeted Ad vectors, thereby creating novel multifunctional particles that can simultaneously
target, image and treat breast cancer.

BODY

Coupling nanoparticles to Ad vectors — hexon is the best capsid location.

To accomplish the development of multifunctional particles based on Ad vectors, we first had to develop a
system that could be used to couple nanoparticles (NPs) to the viral backbone without interfering with the virus
infection and retargeting process (task #1 in the Statement of Work). Our previously published report described
a non-specific coupling mechanism between sulfo-N-hydroxysuccinimide-labeled NPs and lysine residues that
are naturally present in the viral capsid. Although at a low NP:viral particle ratio (100:1) in the initial reaction
mixture this coupling strategy did not inhibit virus infection and retargeting efficiency; at higher ratios these
features were partially (1000:1) or completely (3000:1 and up) inhibited (7). To circumvent this problem, and
thereby extend the paradigm of NP targeting via an Ad vector platform, we hypothesized that specific NP
coupling to Ad vectors would prevent the detrimental effects on Ad vector infectivity and targeting observed
with the non-specific NP coupling. For proof-of-principle we utilized readily available gold NPs instead of
magnetic NPs, as the latter were unavailable during the initial phase of the project (more details below). We
reasoned that gold NPs would behave similarly to magnetic NPs with respect to coupling to Ad, since the
particular surface groups on the metal NP determine coupling efficacy while the composition of the actual NP is
of only minor importance. To achieve the specific coupling, we genetically manipulated Ad capsid proteins to
introduce NP binding sites at locales not involved in the vector infection and targeting pathway. In particular,
we employed a high-affinity interaction between a sequence of six-histidine amino acid residues genetically
incorporated into various Ad capsid proteins (fiber fibritin, pIX and hexon) and Nickel (I1) Nitrilotriacetic acid on
the surface of NPs. Our results demonstrate the selective self-assembly of NPs and Ad vectors into the
envisioned multifunctional platforms. Of the various capsid locations, the hexon location proved most efficient
in NP binding, resulting in 56 bound NPs per virion. Importantly, compared to previously employed coupling
strategies, this selective assembly did not negatively affect targeting of Ad to specific cells. These data have
been submitted for publication to the journal ‘Small’ (see reportable outcome 1), have been presented in 1
article and 3 abstracts for scientific meetings (see reportable outcomes 3 - 6) and have served as preliminary
data in a pending NIH R0O1 proposal (see reportable outcome 7).

Magnetic NPs — properties

Our initial project anticipated the use of magnetic NPs provided by Nanocs Inc, with a 25-nm diameter and
surface-exposed streptavidin. Unfortunately Nanocs discontinued this product when this project was initiated.
An alternative supplier was finally found in Miltenyi Biotec Inc, although their nanoparticles have a 50-nm total
diameter with a smaller magnetic iron oxide core. Our first experiment was therefore to evaluate the magnetic
properties of these NPs in our 9.4 T small animal MRI scanner. We analyzed the NPs undiluted, diluted with
water 1:10, 1:100, 1:1000 and 1:10,000. T1 values of these samples were measured by spin echo saturation
recovery sequence at TR = 250, 500, 1000, 2000 and 6000 ms. T2 values were measured by multiple spin
echo at TE = 8.2, 16.4, 24.6, 32.8, 41.0, and 49.2 ms. The results indicated that this NP is a T2-weighted
contrast agent (Table I, Figure 1).



Table I: T1 and T2 measurements of different dilutions of Miltenyi magnetic NPs

Dilution T2(ms) T1(ms)
undiluted * *
1:10 14 2156
1:100 92 2958
1:1000 232 2804
1:10000 296 3160

undiluted 1:10

1:100W | 1:100

1:10000 water

TE=8.2ms 16.4 ms

24.6 ms

32.8 ms

41.0 ms

Figure 1: Images of Miltenyi magnetic NPs in different dilutions at different TEs.

Analysis of magnetic NP uptake in cancer cells via Ad vectors

After determining the magnetic properties of the Miltenyi magnetic NPs we analyzed the ability of the magnetic
NPs to bind to Ad vectors and be taken up by cancer cells. First, we utilized the cervical cancer cell line HelLa
and breast cancer cell line MDA-MB-435. Both of these cell lines are readily infected by Ad, eliminating the
need for cell-specific targeting in these initial experiments. Unfortunately, when these cells were grown in
LabTek 8-well Chamber Slides and incubated with different combinations of Ad vectors and magnetic NPs
(Table 1), we were unable to observe any significant difference in T2 contrast between any of the samples
(Table III).

Table II: Combinations of Ad vector and magnetic NPs (MNPs) added to HelLa and MDA-MB-435 cancer cells

Sample #

Vector (MOI
5000 vp/cell)

MNP (volume
added per well)

0.2 uL

2 uL

20 uL

0.2 uL

2uL

XN R (WIN|—

+ |+ [+ [+

20 uL

Table Ill: T2 contrast (ms) of HeLa and MDA-MB-435 cancer cells incubated with Ad vector and/or magnetic NPs

Sample # Hela MDA-MB-435
1 82 12
2 9 8
3 56 12
4 21 10
5 32 21
6 4 4
7 23 17
8 4 4

This experiment was repeated with a slightly modified set-up. We analyzed cells incubated with Ad vectors
and/or MNPs resuspended in low-melting agarose rather than adhered to the bottom Lab-Tek Chamber Slides
5



(2). Again, we observed no difference in contrast between the differentially treated samples. These data
indicate that the Miltenyi magnetic NPs are not suitable for the envisioned application that entails coupling to
Ad vectors and targeting to breast cancer cells.

Alternative ways forward

Considering the lack of commercially available magnetic NPs that are suitable for our purposes we devised two
alternative strategies to achieve our goal of developing multifunctional particles for imaging and cancer
therapy.

1. We will develop unique magnetic NPs with higher magnetic contrast properties in collaboration with
Dr. David E. Nikles at the Materials for Information Technology Center at the University of Alabama
in Tuscaloosa;

2. We will explore the use of Quantum Dots as an alternative for magnetic NPs for cancer imaging.

1. Alternative magnetic NPs

Over the last few years we have established a close working relationship with several scientists at the
University of Alabama in Tuscaloosa, with Dr. Nikles as our main contact person. Dr. Nikles is the Associate
Director of the Center for Materials for Information Technology and an expert in the synthesis and
characterization of magnetic NPs. Considering our less than optimal experience with the Miltneyi Biotec NPs,
Dr. Nikles has agreed to provide us with several alternative magnetic NPs with a higher magnetic moment (Ms)
than iron oxide. At this point in time, he has supplied us with the following materials:

1. FesNisPts
2. FesNi;Pt;
3. FesNisPts
4. FesNiPt;
5. FePtAg

Over the course of the coming months we will analyze the magnetic properties of the supplied materials using
our 9.4 T small animal MRI scanner. After identifying which one of these materials provides the best contrast
we will modify the particles’ surface with biotin using standard surface chemistry, allowing coupling to
biotinylated Ad vectors via a streptavidin bridge.

2. Quantum Dots as imaging agents on Ad vectors

Quantum Dots (QDs) are powerful fluorescent nanoparticles with tremendous potential for biomedical
applications. In contrast with traditional fluorophores, they do not bleach or blink and can be excited with light
of a broad range of wavelengths. We therefore considered QDs as an alternative to magnetic NPs for the
imaging of cancer, and hypothesized that we could couple QDs to the hexon capsid protein of Ad vectors that
are targeted to breast cancer cells.

For labeling Ad vectors with quantum dots we utilized a virus with a biotin acceptor peptide genetically
incorporated into the hexon capsid protein (provided by Dr. Michael A. Barry, Baylor College of Medicine (3)).
This virus is metabolically biotinylated upon replication, allowing the coupling of streptavidin-labeled molecules,
particles or complexes. QDs labeled with streptavidin on their surface (655 nm, Invitrogen, Carlsbad, CA) were
incubated with Ad vectors expressing biotin molecules on their surface in a QD:Ad ratio of 1250 (mole:particle),
before being added to the c-erbB2-expressing MDA-MB-361 breast cancer cells. Cells were plated the prior
day in 2-well Lab-TekTM Chamber SlidesTM (Nalge Nunc International, Rochester, NY) at a concentration of
25,000 cells per well. The Ad-QD complex (MOI 5,000 particles/cell) was targeted to c-erbB2 by adding a final
concentration of 1 ug/mL of the previously described bi-functional adapter molecule sCAR-C6.5 to the reaction
mixture (4). The Ad-QD-sCAR-C6.5 complexes, or QDs by themselves, were incubated with cells for 30 min at
4 °C, after which unbound complexes were removed via washing. Cells were subsequently incubated at 37 °C
for 30 minutes. Cells were then washed, fixed in neutral-buffered formalin, washed again, embedded in 90%
glycerol and imaged utilizing Dual Mode Fluorescence (CytoViva Inc, Auburn, AL).



In contrast with untargeted QDs (Figure 2A), targeted Ad-QD complexes were taken up by c-erbB2 expressing
cells and are clearly visible in intracellular compartments (Figure 2B). This indicates the potential of utilizing
targeted Ad vectors to carry nanoparticles inside tumor cells, where they can function as imaging or
therapeutic agents.

Figure 2: Dual Mode Fluorescence imaging of MDA-MB-361
cells, incubated with either (A) streptavidin-labeled QDs alone
or (B) streptavidin-labeled QDs coupled to c-erbB2-targeted Ad
vectors. Targeting the QDs to tumor cells utilizing the Ad
platform resulted in a clear punctate pattern of red
fluorescence, indicating their intracellular presence

To further confirm the intracellular localization of QDs coupled to targeted Ad vectors we analyzed AU-565
breast cancer cells incubated with the various complexes using Confocal Laser Scanning Microscopy. The
obtained data demonstrated clear intracellular localization of QDs coupled to targeted Ad vectors, whereas
QDs by themselves or coupled to untargeted Ad vectors did not accumulate intracellularly (Figure 3).

Figure 3: Confocal Laser Scanning
Microscopy  of  AU-565  HERZ2-
expressing breast cancer cells
incubated with (A) QDs coupled to non-
targeted Ad vectors, (B-D) QDs coupled
to HER?2 targeted Ad vectors. (C) and
(D) are images of the same cell, with
(D) being the XZ image of (C) at the
location of the line (arrow). Scale bars
20 um (A, B) or 10 um (C, D).

In conclusion, streptavidin-labeled QDs can be coupled to Ad vectors that are biotinylated in the hexon capsid
protein and the resultant complex can be targeted to HER2-expressing cancer cells using the sCAR-C6.5
adapter molecule. We will continue this line of investigation in the coming months by focusing on transgene
expression from the Ad vector and maximizing the number of coupled QDs per virion. This may provide an
alternative to magnetic nanoparticles for non-invasive imaging of breast cancer and its metastases.
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KEY RESEARCH ACCOMPLISHMENTS

e We analyzed the T1 and T2 values of our commercially obtained magnetic nanoparticles at 9.4 T,
establishing that these patrticles are a T2 contrast agent.

o We successfully identified a capsid location (hexon) for coupling metal (gold) nanoparticles to
adenoviral vectors that does not interfere with targeted gene delivery.

o We ascertained that the commercially available magnetic nanoparticles do not provide enough T2
magnetic contrast when targeted to cells in vitro by adenoviral vectors.

o We demonstrated successful targeting and fluorescence-based imaging of metal (quantum dot)
nanoparticles on adenoviral vectors to breast cancer cells in vitro, using the sCAR-C6.5 adapter
molecule.

REPORTABLE OUTCOMES
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CONCLUSION

We have demonstrated that we can specifically couple metal NPs to Ad vectors without compromising their
infectivity or retargeting efficacy — a major improvement over previous unspecific coupling strategies.
Furthermore, we have demonstrated successful targeting of nanoparticle-labeled Ad vectors to breast cancer
cells in vitro, resulting in intracellular accumulation of the NPs. Thus far, due to our desired magnetic NPs
being unavailable for purchase, we have utilized gold NPs and QDs in our multifunctional systems instead. We
will further pursue the development of QD-labeled Ad vectors for the targeting and imaging of cancer, while
simultaneously working on the development of novel magnetic NPs with improved magnetic properties
compared to commercially available products.
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An Adenoviral Platform for Selective Self-Assembly
and Targeted Delivery of Nanoparticles

Vaibhav Saini, Dmitri V. Martyshkin, Sergei B. Mirov, Alex Perez, Guy Perkins,
Mark H. Ellisman, Hongju Wu, Larisa Pereboeva, Anton Borovjagin, David T. Curiel,
Maaike Everts*

Nanotechnology holds great promise for the treatment of diseases. In this regard, metallic Keywords:
nanoparticles (NPs) can be used for diagnosis, imaging and therapy of tumors and * Cell Recognition
cardiovascular disease. However, targeted delivery of NPs to specific cells remains a * G€ne Expression
major limitation for clinical realization of these potential treatment options. Therefore, we g;?_o:sastzilsy
herein define a novel strategy for specific coupling of NPs to a targeted adenoviral (Ad) Viruses
platform, to deliver NPs to specific cells. The advantage of using this gene therapy vector

as a targeting vehicleis the potential combination of nanotechnology and gene therapy for

treatment of disease. To achieve the coupling of NPs to the virus, we have combined

genetic manipulation of the gene therapy vector with a specific chemical coupling

strategy. In particular, we employed a high-affinity interaction between a sequence of six-

histidine amino acid residues genetically incorporated into Ad capsid proteins and Nickel

(I Nitrilotriacetic acid on the surface of gold NPs. Our results demonstrate the selective

self-assembly of AUNPs and Ad vectors into the envisioned multifunctional platforms.

Importantly, compared to previously employed coupling strategies, this selective assembly

does not negatively affect targeting of Ad to specific cells. This further opens the

possibility of utilizing Ad vectors for targeted NP delivery to specific cells, thereby

providing a new type of combinatorial approach for the treatment of diseases, involving

both nanotechnology and gene therapy. In addition, the specific NP coupling strategy

employed herein can be utilized for coupling other types of NPs or molecules, thereby

greatly expanding the utility of Ad as a targeted delivery vehicle. This utility may have

broad implications for the fields of nanotechnology, gene therapy and viral biology.

[] V. Saini, H. Wu, L. Pereboeva, A. Borovjagin, D. T. Curiel, M. 1. Introduction
Everts; Division of Human Gene Therapy, Departments of
Medicine, Obstetrics and Gynecology, Pathology, Surgery, and Nanotechnology is revolutionizing the fied of biomedicine. In
the Gene Therapy Center, University of Alabama at Birmingham ;

BMRII-#512 901 19th Street South Birmingham, AL (USA); Fax: this regard, metallic NPs such as quantum dots (QDs), magnetic
(+)1)205-975-79491 E-mail: maaike@uab.edu

Dmitri V. Martyshkin, Sergei B. Mirov; Department of Physics; NPs and gold NPs (AuNPs) can be used for tissue welding, gene
University of Alabama at Birmingham, Birmingham, AL (USA)
Alex Perez, Guy Perkins, Mark H. Ellisman; National Center for
Microscopy and Imaging Research; University of California San
Diego, La Jolla, CA (USA)

regulation, intra-cellular environment studies, diagnosis, imaging,

as wel| as hyperthermic tumor cell killing.!*® However, targeted

Supporting information for this article is available on the WWW
under http://www.small-journal.org or from the author. delivery of nanoparticlesto specific cellsis amaor impediment
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NPs can be specifically coupled to distinct Ad capsid locations. a) Schematic representation of the location of various

structural proteins in the Ad capsid. Ad vectors used in this study contain a 6-His tag genetically incorporated in either modified fiber

(fiber-fibritin (FF) mosaic, ~9 copies), pIX (240 copies) or hexon (720 copies) proteins. b) Western blot analysis demonstrating the

presence of 6-His tags in the Ad vectors in either FF (lane 2), pIX (lane 3) or hexon (lane 4). An unmodified Ad vector without a 6-His tag

was used as a negative control (lane 1). ¢) AuNPs can be non-covalently coupled to specific locations on the Ad capsid. It is

hypothesized that the Ni-NTA attached to the surface of 1.8 nm gold nanoparticles will react with the Ad capsid proteins that display a 6-

His tag, resulting in a specific high affinity binding of AuNPs to Ad particles. This figure schematically shows Ad vectors expressing a 6-

His tag in the hexon protein. There are 720 potential sites of Ni-NTA-AuNPs coupling to the Ad corresponding to the number of hexon

molecules present in the Ad capsid.

for the successful clinical utilization of the multiple treatment
opportunities provided by nanotechnol ogy.

We previoudy hypothesized that Ad vectors, which are
used as targeted vectors for gene therapy,”’ might provide a
suitable platform for target-specific ddivery of NPs. This would
alow a combination of the highly efficient gene delivery capacity
of Ad vectors with the imaging and therapeutic potential of NPs
for the treatment of disease. Towards this end, we have
demonstrated that NPs can be coupled to Ad vectors using a non-
specific coupling method. However, non-specific NP coupling to

Ad vectorsin high NP:Ad ratios resulted in abrogation of Ad

vector infectivity in target cells!® To circumvent this
problem and thereby extend the paradigm of NP targeting via an
Ad vector platform, we herein hypothesize that specific AUNP
coupling to Ad vectors prevents the detrimental effects on Ad
vector infectivity and targeting, observed with the non-specific
NP coupling. To achieve the specific coupling, we genetically
manipulated Ad capsid proteins to introduce NP binding sites at
locales not involved in the vector infection and targeting pathway.
Validation of this hypothesis pavesthe way towards realization of
a multifunctional nanoscale system that combines gene therapy

and nanotechnol ogy approaches for the targeting and treatment of
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Figure 2. NP-labeled Ad vectors demonstrate a change in density in CsCI gradients. a) Ni-NTA-AuNPs do not bind to Ad vectors in the

absence of 6-His tag as revealed by density analysis in the CsCl gradient. Equal number of unmodified Ad particles (10* vp) were

analyzed by CsCI gradient centrifugation either without AuNPs (left tube) or following incubation with AuNPs at a Ad ratio of 2000:1

(AuNPs:Ad, right tube). The unbound AuNPs in the right tube remain in the upper part of the gradient forming a diffuse zone of brown

color. The sharp white band material seen at the same position in both tubes contains uncoupled Ad vectors. b) Relative positioning of the

AuNP-coupled and uncoupled Ad vectors in the CsCl density gradient. Equal numbers of Ad particles (10™ vp) without or with a 6-His tag

in FF, pIX or hexon were incubated either with Ni-NTA-AuNPs at the AuNP:Ad ratio of 2000 (3 tubes on the right) or no AuNPs (tube on

the left). The change in the viral band density seen for the Ad vector expressing a 6-His tag in hexon (rightmost tube) indicates an efficient

coupling of the AuNPs to Ad.

disease. In addition, it serves as a proof-of-principle that Ad
vectors can serve as a platform for specific self-assembly of

multiple components.

2. Results

To demonstrate feasibility of specific NP coupling to Ad vector

platform, we used gold NPs (AuNPs) as representative exampl es.

2.1. Ad Vectors Utilized for NP Coupling

To specifically couple NPs to Ad vectors, we exploited the non-
covalent affinity of Nickel (1) Nitrilotriacetic acid (Ni-NTA) for
a sequence of six-higidine amino acid residues (6-His). In
particular, the Ni-NTA-group on the employed AuNPs has a high

affinity for a 6-Histag that can be genetically engineered into the

Ad capsid at various defined capsid surface locations. In this
regard, we utilized Ads expressing 6-His tags in an artificia fiber
caled ‘fiber fibritin' (FF, ~ 9 copies), pIX (240 copies) or hexon
(720 copies, Figure 1a). First, the expression of a 6-Histag in the
Ad capsid was verified usng western blot of purified virions.
When stained with an antibody recognizing 6-His, a band with
the appropriate size was observed for al the viruses tested, with
the expected size of FF being 37 kD, pIX 14.4 kD and hexon 109
kD (Figure 1b). In addition, the relative intensities of the bands
depended on the copy number of a particular protein in the Ad
capsid. For example, the band intensity of FF (Figure 1b, lane 2,
~ 9 copies) islessthan that of plX (Figure 1b, lane 3, 240 copies)
which in turn is less than that of hexon (Figure 1b, lane 4, 720

copies).



2.2. Specific Coupling of NPs to Ad Vectors

In order to couple AuNPs specifically to Ad vectors, Ni-NTA-
AuNPs were reacted with the described Ad vectors that display 6-
Histags at specific capsid locales (Figure 1¢). For this purpose, a
ratio of 2000:1 AuNP:Ad (particleparticle) was employed in the
reaction mixture. After the reaction, the complexes were purified
from unreacted AuNPs and Ad using CsCl density gradient ultra-
centrifugation - a standard method for Ad vector purification.
After centrifugation of AuNP-labeled viral particles in a CsCl
gradient, ashift inthe vira band position (density) relative to that
of unlabeled virus in the gradient was observed. The extent of
the band shift in the centrifuge tube was dependent on the type of
modified Ad vector used in the coupling procedure.

For a negative control we incubated Ni-NTA-labeled
AuNPs with an Ad that did not contain a 6-His tag. The resulting
Ad band had the same density in the CsCl gradient as the same
unmodified Ad without incubation with Ni-NTA-AuNPs (Figure
2a; Tablel). Thisindicates that Ni-NTA-AUNPs, as expected, did
not bind to Adsin the absence of 6-His sites.

When Ni-NTA-AuNPs were incubated with the Ad vectors
containing a 6-His tag in either fiber fibritin (FF) or pIX, no
change inthe virus density i.e. band shift was observed (Figure
2b; Table1). This may be explained by the fact that there are only
few FF copies (~9) with a 6-His tag available for AUNP binding.
With regard to the Ad vector containing 6-Histag in plX, the pIX

protein has been located 65A below the surface of the Ad capsid

in a cavity between hexon proteins? and, thus, the 6-His moiety
islikely to be inaccessible for AUNP coupling.

In contrast to the control and Ad vectors containing 6-His
tag in FF and plX, a distinct change in the viral band density
upon AuNP coupling was observed for the Ad vector containing a
6-His tag in hexon (Figure 2b; Table ). Hexon has four loop
regions (L1 to L4), three of which are located on the outside of
the virion being exposed to a solvent. Within these loops there are
nine hypervariable regions (HVRS) with no known function.™”
Two of those, HVR2 and HVR5 can display heterologous
peptides that are accessible for binding and retargeting of the
mature virion.!™ In this study we used a modified Ad with a 6-
His tag incorporated in the HVR2 for coupling to AuNPs. The
result shown in Figure 2b confirms the accessibility of this
location for the interaction with Ni-NTA-AuNP.

Thus, based on the buoyant density of the treated Ad
vectors it appears tha the efficiency of NP coupling to Ad
correlates with the number and potential accessibility of the

available binding sites on the Ad capsid.

Table 1. Positions of viral bands in centrifugation tubes after CsCl gradient centrifugation

Ad-AuNP combination

Distance from bottom

Total height gradient

to the viral band (cm) (cm)
Ad5 4.6 7.2
Ad5 + AuNPs 4.6 7.2
Ad5 with 6-His in FF + AuNPs 4.6 7.2
Ad5 with 6-His in pIX + AuNPs 4.6 7.2
Ad5 with 6-His in hexon + AuNPs 3.8 7.2




2.3. Transmission Electron Microscopy of NP-Labeled

Ad Vectors

To confirm bhinding of NPs to the Ad particles, we used
Transmission Electron Microscopy (TEM) to visualize AUNPs on
the surface of Ad particles that were purified by CsCl
centrifugation as described above. As expected, no AuNPs could
be detected on either unlabeled Ad vector alone (Figure 3a) or Ad
vector without 6-His but treated with AuNPs (Figure 3b). In line
with our observations from the CsCl density anaysis no AUNPs
were seen in the preparations of Ads containing a 6-His tag in

either FF or pIX (Figure 3c and d, respectively), which reveaed

Figure 3. Visualization of AuNPs coupled to Ad vectors by

Transmission Electron Microscopy. Vectors were either
unlabeled (a) or labeled with Ni-NTA-AuNPs to 6-His tag
expressed in either FF (c), pIX (d) or hexon (e). AuNPs coupled
to Ad vectors are only observed for the Ad vector with a 6-His
tag in hexon (e). The Ad vectors that do not express a 6-His tag
do not bind any AuNPs (b). Original magnification is 100,000X,

scale bar is 100 nm.

no change in the vira band density. In contrast, AuNPs could
clearly be observed in the Ad vector containing a 6-His tag in
hexon (Figure 3e), which did show a detectable change in the
viral band density. This result reinforces our conclusion that the
selective coupling of NP to the Ad vectors depends on the
number and accessibility of the coupling sites on the Ad capsid
surface and identifies hexon as an optimal location for such

coupling.

2.4. Atomic Absorption Spectroscopy of NP-Labeled

Ad Vectors

To further characterize the AuNP-labeled Ad vectors, atomic
absorption spectroscopy was utilized for quantification of the
AuNPs coupled to the Ad vectors. The Ad vector with no coupled
AUNPs as well as the one containing a 6-His tag in hexon, which
showed both the change in the viral band density and presence of
AuNPs by TEM upon coupling to Ni-NTA-AuNPs, were
subjected to spectroscopy. This analysis demonstrated that on
average this vector bound 56 AuUNPs (see supplementa section),
whereas the control Ad vectors bound none. This validates the
observation that hexon is agood capsid location for coupling NPs
to Ad vectors.

2.5. Selectively NP-Labeled Ad Vectors Retain

Infectivity in HeLa Cells

In our previously published report, we observed a drastic
abrogation of native Ad infectivity upon non-specific AuNP
coupling at high AUNP:Ad ratios, possibly due to modification of
Ad capsid proteins like fiber and penton base. To circumvent this
problem, we envisaged specific coupling of AuNPs to the Ad
capsid at locations not implicated in the natural mechanism of Ad

infection. As described above, we were able to couple AuNPs



specifically to hexon protein, which represents one of such
structural proteins of the Ad capsid.

To determine whether our hypothesis was correct, we analyzed
transgene expression in cells infected with Ad vectors encoding
luciferase, with or without AuUNPs coupled to hexon. To this end,
we utilized Hela cells, which have been previously reported to
be readily susceptible to infection with Ad vectors. We observed
a statigtically significant, but only moderate, decrease in viral
infectivity in the presence of bound AuNPS, as compared to the
control, where no AuNPs were present (Figure 4a). Despite this
moderate loss of infectivity, the specifically AuNP-labeled Ad
vectors retain their capability of infecting Hel.a cells to a greater
extent than the previously reported Ad vectors with non-
specifically coupled AuNPs, where adding 1,000 AuNPs per Ad

vector resulted in a decrease of approximately 1 order of
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magnitude, and 3,000 AuNPs per Ad vector resulted in a decrease
of more than 2 orders of magnitude.® Thus, specific NP coupling
to Ad vectors perturbs Ad vector infectivity to alesser extent than

the non-specific NP coupling reported previously.

2.6. Selectively NP-Labeled Ad Vectors Can Be

Retargeted to CEA-Expressing Tumor Cells

The efficiency and specificity of transduction of the Ad vectors to
be used as a delivery platform for NPs predicates the efficacy of
the NP:Ad complex targeting to target cells. However, a majority
of target cells, including tumor, endothelia or dendritic cells are
deficient in the primary Ad receptor, the Coxsackie Adenovirus
(CAR), thereby resulting tumor cell

Receptor in poor

transduction. To improve the transduction efficiency, a variety of
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Figure 4. Analysis of infectivity and targeting of NP-labeled Ad vectors. a) Infectivity of Ad vectors is moderately affected upon specific

AuNP coupling. A moderate reduction in the infectivity of AuNP-labeled-Ad vectors in HelLa cells was observed as compared to the

unlabeled vectors (n=3, *p = 0.0058). b) Retargeting efficiency of the AuNP-coupled Ad vector to CEA expressing cells remains

unaffected by the site-specific gold-coupling of the virus. The amount of luciferase transgene delivered to MC38-CEA-2 was similar for

both unlabeled or AuNP-labeled Ad vectors in the presence of sCAR-MFE fusion protein, which retargets the viral vector to the

expressed CEA (n=3, NS (not significant) p= 0.1054). For both unlabeled or AuNP-labeled Ad vectors, the amount of luciferase

transgene delivered is significantly more in the presence of SCAR-MFE fusion protein (n=3, *p= 4.482 x 10°, *p= 0.0001). Bars

represent mean values + standard deviation.



approaches have been developed whereby the Ad vector is
physically retargeted to aternate receptors on the target cell
surface.*? An exampleis retargeting of Ad vectors to the tumor-
associated antigen carcino-embryonic antigen (CEA), which is
over-expressed on severa neoplasias such as colon and breast
carcinoma. We used a bi-functional adapter molecule, sCAR-
MFE, for retargeting Ad vectors to CEA-expressing tumor cells.
The sCAR-MFE protein binds to the fiber knob in the Ad capsid
through the sCAR part of the molecule and to the CEA on tumor
cells through the MFE part of the molecule, which is a single
chain antibody (MFE-23) directed to CEA. In our previously
published report, we observed detrimental effects on Ad vector
retargeting to CEA-expressing tumor cells upon non-specific NP
coupling at high NP:Ad ratios. To determine whether specific NP
coupling to Ad vectors could reduce the negative effects on Ad
retargeting to CEA, Ad vectors coupled and not coupled to
AuNPs through the 6-His tag modification in hexon were pre-
incubated with the bifunctiona adapter molecule SCAR-MFE. To
analyze the targeting efficiency of AuNP-coupled Ad vectors
complexed with SCAR-MFE, we utilized the CEA-expressing cell
line MC38-CEA-2. In contrast to the previously reported
decrease in targeted gene transfer using a non-specific NP
coupling approach, we observed no datigtically significant
difference (p > 0.05) in the targeted gene transfer for the vectors
and containing a 6-His tag in hexon with and without the prior
AuNPs coupling step. In addition, we observed a significant
increase (p < 0.01) in the level of gene transfer of both AuNP-
coupled and non-coupled Ad in the presence of SCAR-MFE as
compared to the same viruses that were not pre-incubated with
this targeting adapter molecule (Figure 5b). Thus, in contrast to
the previoudy reported non-specific coupling strategy, the
specific NP coupling to Ad capsid has no detrimental effect on

Ad retargeting.

3. Discussion

For many diseases, acombinatorial approach has been recognized
as optimal for successful treatment. For example, in recent years,
radiotherapy and chemotherapy approaches have been combined
with gene therapy to more effectively ablate tumor cells than
either therapy alone. The recent addition of nanotechnology to the
existing arsena of available imaging and treatments options
mandates the exploration of novel combinatorial approaches that
will  benefit biomedical research and patient cae.
Nanotechnology presents novel opportunities for imaging and
treatment of diseases, such as the use of QDs for visualizing
disease processes or gold nanoshells for photothermal therapy of
cancer. In this regard, combination of nanotechnology with gene
therapy would result in multifunctional nanoscale systems with
potential for sophisticated disease treatment, for example in the
context of cancer and cardiovascular disease. Towards this end,
herein we have developed a methodology for specificaly
coupling NPs to an Ad vector, which is a well developed human
gene therapeutic vector currently in many clinical trials.
Importantly, the coupling method does not negatively affect virus
infectivity and targeting to specific cells. Moreover, the
methodology described herein is easily adaptable to other viral
platforms with broad applications in the fields of nanomedicine,
nanofabrication, study of viral biology and cellular processes.

For nanotechnology to become relevant as a treatment
option, it is critical to achieve targeted delivery of nanoparticles
to specific cells. With regards to NP delivery, NPs have
previously been targeted utilizing both passive and active systems.
Passive targeting approaches exploit the enhanced permeability
and retention (EPR) of “leaky” tumor vasculaure, as
demonstrated for Au nanoshells® Although passive targeting
showed promising results, active targeting to a tumor associated

antigen (TAA) is thought to be more effective. For this purpose,

antibodies and peptides targeted against TAAS have been utilized
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to deliver AuNPs specifically to tumor cells!**¥ However, there
isalimit on the number of nanoparticles that can be attached to
either an antibody or a peptide, due to their smal size as
compared to liposomes and Ad vectors. To circumvent this
problem, targeted liposomes can be used, in which nanoparticles
are encapsulated by a lipid bilayer that has targeting ligands
immobilized on its outer surface.!*” *¥ However, if a combination
of nanotechnology with gene therapy is desred, effective
delivery of a therapeutic transgene to the target cellsis critical. In
this regard, Ad vector-mediated gene transfer is still unparalleled
in in vivo systems, vis-a-vis targeting potential and transduction
efficiency, dthough much progress is being achieved with other
vector systems in recent years. Thus, a vird vector platform
would be optimal for the assembly and targeted delivery of NPs
to specific cells resulting in a combination of gene therapy and
nanotechnol ogy for treatment of disease.

Viruses have previously been exploited for assembly of
NPs for a variety of purposes, including nanofabrication and
development of diagnosis and detection tools. A variety of
viruses, such as the phage M13,*>2% and the plant virus cow pea
mosaic virus (CPMV)®?! have been utilized for these purposes.
However, for treatment of human disease the use of a human
vector such as Ad as a platform for NP delivery would be more
desirable. In order to serve as a platform for NPs, a suitable
method is required for coupling NPs to the viral vector. Towards
this end, NPs have been coupled to the viral capsids utilizing non-
specific as well as specific chemistries. For instance, we have
previously non-specifically coupled AuNPs to lysine residues in
the capsid of the Ad vector. However, due to the non-specific
coupling methodology, at higher NP:Ad vector ratios an
abrogation of Ad vector infectivity and targeting to specific cells
was observed.”® Thus, a method for specific coupling of NPs to
vira vector platforms would be optimal. In this regard, NPs have
been coupled specifically to the bacteriophage M 13 based on the

affinity of peptides selected through phage display for binding

QDs.* 2% However, phage can not be used for human gene
therapy applications, especialy with respect to the envisioned
combinatorial nanoscale multifunctional system. We therefore
herein describe a specific coupling chemistry for human Ad
vectors that does not negatively affect the retargeting ability of
the virus, thus making it feasible to combine nanotechnology and
gene therapy in one nanoscale system. Furthermore, the
methodology described herein to specificaly couple NPs to Ad
vectors can be easily adapted for other gene therapy vectors, such
as adeno-associated virus (AAV), herpes simplex virus (HSV) or
lentivirus.

The methodology described herein utilizes the affinity
of 6-His for Ni-NTA. This affinity is routindly used to purify
recombinant proteins containing a 6-His sequence in laboratories
across the world. Moreover, 6-His is non-immunogenic and does
not perturb the mature vird assembly. Another advantage is the
specificity of the coupling that is obtained, as demonstrated by
our results in which Ni-NTA-labeled NPs bound to Ad vectors
only at those accessible capsid |ocations which expressed a 6-His
tag in high numbers. Also, because NPs were specifically coupled
to capsid locations not involved in the Ad infectivity and
retargeting pathway, we observed no negative effects on targeting
of Ad vectors like those observed with the non-specific coupling
chemistry reported previously. Another interaction that could be
utilized instead of 6-His - Ni-NTA is that of biotin with
(strept)avidin. Viral vectors, such as Ad'* AAV® and
lentivirus® which get metabolically biotinylated during virus
production, have already been constructed by other groups. These
viral vectors could be coupled to NPs with surface attached
(strept)avidin or coupled to biotinylated NPs via a (strept)avidin
bridge.

The specific AuNP coupling to Ad vectors
demonstrated here can be exploited for coupling of other types of
NPs to gene therapy vectors. For example, magnetic NPs can be

utilized for either magnetic resonance based imaging or magnetic



field-mediated tumor cell hyperthermic ablation.™ Another
example would be the use of QDs, which have excellent imaging
applicability. With regard to imaging, QDs are superior to
traditional fluorescent labels owing to a their consisent and
prolonged signal strength.® Not only would QD-labeled Ad
vectors be of use for imaging tumors, it would aso be a
shophigticated tool to track Ad vector biodigtribution in pre-
clinica anima modelsillustrating the versatility of this approach.
In addition to NPs, one can envision the coupling of other
biologically relevant molecules to Ad vectors, such as poly
ethyleneglycol (PEG). In the past, PEG molecules have been
coupled non-specifically to Ad vectors to protect the viral vectors
againgt the host immune system. The methodology utilized herein
can be applied to couple PEG molecules specificdly to the
hexon- the capsid protein against which most of the antibody
response is directed- thereby preserving vira infectivity while
still providing shielding from the immune system.

The NP-labeled Ad vector is a multifunctional system
where nanotechnology is combined with gene therapy. In
addition to the hexon protein utilized in this study for coupling
AuNPs to the Ad vectors, there are other Ad capsid proteins,
which could be simultaneoudy utilized for incorporation of
additional modalities. For ingtance, imaging modalities like
herpes smplex virus type 1 thymidine kinase and firefly
luciferase have been successfully fused to the minor capsid
protein pIX.* Combination of all these components into one
nanoscale platform would truly represent a multifunctional
system capable of targeting, imaging and therapy of disease, with
multiple modalities that will partialy overlap and complement
each other.

In conclusion, the specific coupling methodology realized
herein for attaching NPs to Ad vectors provides an opportunity
for specific assembly and delivery of NPs to target cells. In
addition, the specific labeling of Ad vectors by NPs realized in

this study represents a unique combination of gene therapy and

nanotechnology approaches, which has the potential for
simultaneous targeting, imaging and therapy of disease. This
multifunctional nanoscale system capable of incorporating
multiple modalities in a single particle provides an important

basis for the development of new generation diagnostics and

therapies.

4. Conclusions

For successful utilization of the various treatment options
offered by nanotechnology, target cell specific delivery of
NPs is crucial. In this regard, here we have demonstrated
that NPs can be specifically coupled to distinct Ad capsid
proteins and targeted to tumor cells. In addition, specific
NP-labeled Ad vectors displayed the same level of
infectivity and targeting capability to tumor cells as
unlabeled Ad vectors. Thus, Ad vectors can serve as the
platform for selective self-assembly and targeted delivery of
NPs to target cells. This paves the way for realization of a
multifunctional nano-scale device for the treatment of

disease by combining gene therapy and nanotechnology

approaches.

5. Experimental Section

Ad vector production

The Ad vectors encoding a firefly luciferase (Luc) and/or green
fluorescence protein (GFP) under transcriptional control of the
constitutively active cytomegalovirus (CMV) promoter and displaying a 6-
His tag in fiber fibritin2’l and hexonl'l were constructed as described
previously. The Ad vector displaying a 6-His tag on pIX was generated
as follows. First we constructed a modified pShuttle CMV vectori?®l

encoding Ad capsid protein IX (pIX) fused to a short linker peptide



P(SA)+-PGSRGS followed by a 6His tag downstream of the plIX-Flag
open reading frame. The 15 amino acid linker with 6-His were amplified
by PCR from pBS.F5.RGS6HSL?% and cloned into the shuttle vector
plasmid pSlLuclXflagi?! at the unique Nhel site downstream of the plX-
flag coding sequence. Recombinant Ad was generated by homologous
recombination with the adenoviral genome plasmid pAdEasy1
(Qbiogene, Carlsbad, CA) in E. coli strain BJ5183, and virus was
rescued in HEK-293 cells. For subsequent virus production, cells were
infected using growth medium as described below, except containing 2%
fetal bovine serum instead of 10%. Following overnight incubation,
regular medium was added to the cells and cells were incubated until
cytopathic effect was observed. Cells were harvested, and lysates
obtained by 4 consecutive freeze-thaw cycles. Virus was purified using
standard double CsCl gradient centrifugation. Viral particle number was

determined by measuring absorbance at 260 nm using a conversion

factor of 1.1 x 102 viral particles per absorbance unit.l3

Cell culture

HEK-293 cells were obtained from Microbix (Toronto, Canada), HelLa
cells were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and MC38 cells stably transfected with
carcinoembryonic antigen (CEA), MC38-CEA-2, were kindly provided by
Dr. Jeffrey Schlom, National Cancer Institute (Bethesda, MD). All cells
were maintained in DMEM:Ham'’s F12 (1:1 viv, Mediatech, Herndon, VA)
medium, containing 10% fetal bovine serum (Hyclone, Logan, UT), 2 nM
L-glutamine, 100 IU/mL penicillin and 25 pg/mL streptomycin (all
Mediatech). Medium for MC38-CEA-2 cells additionally contained
500 ug/mL G418 (Mediatech). Cells were grown in a humidified

atmosphere with 5% CO2 at 37 °C.

Western blot

A total of 109 viral particles (vp) of each viral vector was mixed with
Laemmli sample buffer containing 10mM B-mercaptoethanol. Samples

were boiled for 10 minutes at 95 °C and were separated in a 4-15%

polyacrylamide gradient sodium dodecyl sulfate-polyacrylamide gel by
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA). The
membranes were probed with an anti-His tag monoclonal antibody
(Molecular probes, Invitrogen, Eugene, OR, USA). This was followed by
an  HRP-conjugated goat anti-mouse secondary  antibody
(DakoCytomation, Carpinteria, CA, USA). Signal was detected using
Western Lightning chemiluminescence reagent (PerkinElmer Life
Sciences, Boston, MA) and Kodak BioMax MR Film (Kodak, Rochester,

NY).

Coupling of AuNPs to the Ad vector

AuNPs with a size of 1.8 nm containing a Ni-NTA reactive group on the
surface of the particle were acquired from Nanoprobes (Yaphank, NY,
USA). The reaction of AuNPs with Ad vectors was carried out at a ratio
of 1:2000 (Ad:AuNPs) in a buffer of pH 7.5 containing 20 mM Tris and
150 mM NaCl for 30 minutes at room temperature, with 102 vp of Ad
used for each reaction. The reaction mixture was subsequently loaded

onto a CsCl density gradient.

Purification of AuNP-labeled Ad vectors

To determine whether AuNPs were coupled to the Ad vectors, reaction
mixtures were purified using a CsCl density gradient with ultra-
centrifugation at 25,000 rpm for 3 hours at 4° C. Following ultra-
centrifugation, the distance of viral bands was measured from the bottom
of the tube (Table 1). For further experiments, viral bands were collected

from the bottom of the centrifuge tube.

Electron microscopy of AuNP-labeled Ad vectors

Unmodified or AuNP-labeled Ad vectors were deposited onto carbon-
coated copper grids, washed with double-distilled water, stained with
Nano-Van (Nanoprobes, Yaphank, NY, USA) and were examined using

a JEOL JEM 1200FX operated at 80 kV. Pictures were recorded at
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100,000 magnification and the negatives subsequently digitized with a
Nikon SuperCoolScan scanner at 1800 dpi, producing a pixel resolution

of 0.14 nm in images of size 4033x6010 pixels.

Atomic absorption spectroscopy of AuNP-labeled Ad vectors

The gold (Au) atomic absorption standard solution (1 mg/mL in 0.5N
HCI) was obtained from Acros Organics (Belgium) and diluted to make
standards ranging from 10 to 100 ppb. The obtained Au atomic
absorption standard solutions were used for instrument calibration as
well as for a quality control measurement. The atomic absorption
measurements were performed at Atomspec DF Workstation (Thermo
Jarrell Ash Corporation). Atomic absorption of Au was measured at
242.8 nm using the Smith-Hieftje background correction method. Before
measuring the Ad:Au samples, they were dialyzed to remove CsCl and
replace it with water. Following this, the viral particle number was
determined as described earlier. The number of AuNPs per virion was
calculated by comparing the atomic absorption readings for the viral
samples with the Au standard, assuming 180 atoms of Au per AuNP. For

calculation details, please see the supplemental section.

Construction, production and purification of the retargeting adapter

molecule sSCAR-MFE

A fusion protein capable of retargeting adenoviral vectors to the tumor-
associated antigen carcinoembryonic antigen (CEA), consisting of the
ectodomain of CAR, followed by a 5-aa peptide linker (GGPGS), a 6-
histidine tag (for detection/purification), followed by the anti-CEA single
chain antibody MFE-23 (a kind gift from Dr. Kerry Chester, London, UK)

was constructed, produced and purified as described previously. !

In vitro gene transfer

To assess Ad infectivity, HeLa cells were plated in triplicates at a density
of 105 cells/well in 24-well plates. The following day, 107 viral particles
(vp) of Ad vectors (100 vp/cell) were added to the cells in medium
containing 2% fetal bovine serum. After 2 hours of incubation, medium

containing Ad vectors was removed and replaced with regular growth

medium. Cells were incubated for an additional 22 hours and were
subsequently washed with PBS and lysed using Reporter Lysis Buffer
(Promega, Madison, WI). After one freeze-thaw cycle, luciferase activity
was measured using the Luciferase Assay System (Promega), according
to manufacturer’s instructions. To assess retargeting of Ad vectors to
CEA by the sCAR-MFE fusion protein, MC38-CEA-2 cells were plated
and infected as described above, with viral particles being incubated for
15 minutes at room temperature with 75 ng fusion protein, before

addition to the cells.

Statistics

Statistical analysis for significance was performed using a 2-tailed t-test

assuming equal variance in Excel (Microsoft Office 2003).
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Supplementary Materials and M ethods

Atomic absorption spectroscopy of AuNP-labeled Ad vectors

The gold (Au) atomic absorption standard solution (1 mg/mL in 0.5N HCI) was obtained from Acros
Organics (Belgium). It was further diluted in ultra pure HPLC grade water (Chromasolv® Plus, for HPLC,
Sigma-Aldrich) containing 0.5N HCI to 10 ppb, 20 ppb, 50 ppb, and 100 ppb concentration respectively.
The obtained Au atomic absorption standard solutions were used for instrument calibration as well as for

a quality control measurement.

The atomic absorption measurements were performed at Atomspec DF Workstation (Thermo
Jarrell Ash Corporation). Atomic absorption of Au was measured at 242.8 nm using the Smith-Hieftje
background correction method. The atomic absorption signal corresponds to an integral of the absorbance
integrated over time. The instrument was calibrated using Au atomic absorption standard solution prior to

virus sample measurements.

The Ad vector samples collected from the CsCl gradients were dialyzed to remove CsCl and
replace it with water. Following this, the viral particle number was determined by measuring absorbance

at 260 nm using a conversion factor of 1.1 x 10 viral particles per absorbance unit.*”

Ad vectors containing a 6-His tag in hexon coupled to AUNPs were ultrasonicated for 5 min and
diluted 20 times in ultra pure HPLC grade water before measurements due to high initial concentration of
Au. The dilution factor (20) and the final concentration of Au in virus sample were carefully chosen in
order to fall into alinear response of the instrument.

The typical measurement procedure consists of 5 stages, sample drying, pyrolysis, another
pyrolysis, atomization, and cuvette cleaning. The parameters of each section should be experimentally
optimized for each individual analyte. The following analytical protocol has been found to be optimal for
measurements of the amount of Au atoms in samples containing viral particles and 1.8 nm AuNPs (Table

2).
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For repeatability, five consecutive measurements of the same virus sample have been done
followed by the quality control measurement of the atomic absorption standard solution, followed by a
control virus sample (Ad5) measurement containing no AUNPs. The Au concentration was determined by
using arithmetic average of the results of five measurements (Table 3).

Figure 5 shows the atomic absorption calibration curve obtained using standard solutions and
concentration of Au for Ad vector sample containing a 6-His tag in hexon coupled to AUNPs.

The results of atomic absorption measurements of Au concentration in control Ad5 samples are
summarized in Table 4. The Ad5 samples contain no Au and the observed signal corresponds to a noise
level. Figure 6a shows signal obtained from control Ad5 sample without nanoparticles. As one can see
there is no signal associated with gold atoms absorption. The atomic absorption of Au in Ad vector
samples with a 6-His tag in hexon coupled to AuNPs and the atomization furnace temperature profile are
depicted in Fig. 6b and Fig. 6¢ respectively.

The number of AuNPs per virion was calculated by comparing the atomic absorption readings for

the viral samples with the Au standard, assuming 180 atoms of Au per AUNP calculated as follows:

Volume of 1.8 nm AuNPs is;

3 10-° )
Viano = ”2 - s 610 ) =3.052-10 ¥ m* =3.052-10 % cm?, (1)

where D=1.8 nm is diameter of nanoparticle.
Mass of one 1.8 nm AuNPs is:
Mo =Voao - 2 =58.9:10%g, 2

where p=19.3 g/cm® is Au density.

Number of Au atomsin one AuNP is:
-N
N, = Mhano " Na _ 199 atoms, (3)
M W.

where M.W=197 g/mol is Au molecular weight and Na=6.022-10% is Avogadro's number.
Number of Au atoms per mL in 1 ppb solution is:
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_107%g

12
Au 1ppb M W. ’ NA =3.06-10“atoms/ mL . (4)

Number of AUNPs requared to produce 1 mL of 1ppb Au solutionis:

Au 1ppb

nano 1ppb - N
Au

=1.7-10" nanoparticles . (5

Number of AUNPs coupled to hexon per virusis:

N = CAU - Nnano 1ppb
C

vp

=56 nanoparticles/virus, (6)

where ca,=42.55 ppb is Au concentration found from atomic absorption measurements, n=20 is dilution

factor and ¢,,=0.2607-10" vp/mL is concentration of virus particles.
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Table 2: The procedure for measurement of atomic absorption

Furnace information

Dry Pyrol Pyro2 Atom Clean
Temp 150 600 600 2250 2300
Ramp 60 10 10 1 0
Hold 80 15 5 4 3
Purge Low Low Med Off Med

Table 3: Atomic absorption measurement for Ad vector with AuUNPs coupled in hexon

Ad vector with 6-His in hexon + AuNPs

Absorption Concentration (ppb)
0.5371 43.77048
0.5178 41.73367
0.517 41.65116
0.54 44.08451
0.5156 41.50713
Average 42.54939

Table 4: Atomic absorption measurement for control Ad5 sample

Control sample (Ad5) without AUNPs

Absorption Concentration (ppb)

0.0069 0.54 ppb
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Figure Legends

Figure 5. Atomic absorption calibration curve. The calibration curve was obtained using standard
solutions (open circles). The concentration of Au for the Ad vector sample containing a 6-His tag in

hexon that was coupled to AuNPs is shown as blue filled circles.

Figure 6. Atomic absorption spectra of a) control sample (Ad5) without AUNPs b) signal obtained from

Ad vector sample with a 6-His tag in hexon that was coupled to AuNPs, and c) temperature of the

furnace.
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ABSTRACT

Viruses have a documented history for being used in treatment and prevention of diseases for centuries, with their application in
vaccination strategies as a prime early example. In more recent history, viral vectors have been employed for gene and cell therapy of
tumors. In this regard, the increased understanding of the aberrant molecular pathways underlying the process of tumorigenesis has
rationalized genetic correction of these pathophysiological processes using viral vector based gene and cell therapy approaches. For
example, viruses have been genetically engineered to develop oncolytic potency or mediate long-term gene expression. Also, viral vectors
carrying therapeutic genes or targeting molecules have been loaded into cells, which can be exploited as delivery vehicles for these
therapeutic payloads to the desired target site. However, issues pertaining to viral and cell targeting as well as host immune response
elicited upon viral or cell administration remain to be addressed. In summary, the plasticity of the viral structure has rendered them
amenable for the development of unique gene and cell therapy approaches, for the treatment of tumors.

Keywords: cell vehicles, immune evasion, tumor-targeting, viral vectors

Abbreviations: A24, delta-24; AAV, adeno-associated virus; Ad, adenovirus; Ad5/H3, Ad3 hexon protein; Ad5/H5, Ad5 hexon protein;
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complex; MV, measles virus; PEG, poly(ethylene glycol); PKR, RNA-activated protein kinase; RCA, replication competent adeno-
viruses; RGD, arginine-glycine-aspartate; SCC, squamous cell carcinoma; seDb, single chain diabody; scFv, single chain antibody; TAM,
tumor-associated macrophages; TCR, T cell receptor; TIL, tumor-infiltrating lymphocytes; TK, thymidine kinase; Tregs, regulatory T
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This ability of viruses to induce changes in the target cells
Viruses have been utilized for therapeutic purposes for  presented them as one of the most suitable candidates for
many centuries. They are interesting biological entities har-  serving as gene therapy vectors. A variety of viral vectors
boring on the borderline between non-living things and  has been developed for gene therapy, such as herpes sim-
living organisms. Upon infection of the host cells, viruses  plex virus (HSV), adenovirus (Ad), adeno-associated virus
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(AAV) and measles virus (MV), just to name a few. Al-
though viral vector-based gene therapy has demonstrated
great potential for treatment of diseases like cancer, many
hurdles still need to be overcome before the full potential of
viral vectors can be realized.

Cell therapy describes the implantation of cells to
achieve a therapeutic purpose. This definition includes rou-
tine medical procedures, such as bone marrow transplants
and blood transfusions, but it also encompasses the use of
genetically manipulated cells for therapeutic purposes.
Gene transfer, in general, can be used to replace a mutated
gene in order to restore a natural cellular function, or to
confer novel therapeutic modalities to a cell. Although viral
vectors are efficient gene transfer agents, as described
above, systemically administered virions can be nonspe-
cifically sequestered or inactivated via innate or acquired
immune mechanisms prior to reaching the intended target
cell population. However, cells can be genetically loaded
using viral vectors ex vivo and these transduced cells can
then serve as vehicles to deliver the therapeutic payload to
target sites in vivo. The combined use of gene and cell-
based medicines allows for multifaceted approaches that
may be required to treat complex diseases such as cancer.

The use of viruses for gene therapy is marred with
problems such as targeted delivery of the viral vector to
specific cells, the immune response against the vector and
the resulting toxicity issues. Attempts to resolve these is-
sues have resulted in the development of viral vectors with
improved characteristics. In this review, we discuss the
strategies that have been employed for the construction of
viral vectors with enhanced potential for efficacious gene
therapy. We outline the construction of ‘gutless’ and onco-
lytic viral vectors, which have improvements in terms of in-
creased transgene carrying capacity and expression, im-
proved therapy and enhanced safety. Following this, we
discuss the various approaches that have been developed
for targeting viral vectors to desired cell types, as well as
strategies for host immune system evasion. We end with
future considerations for the utilization of viral vectors for
gene therapy.

VIRAL VECTORS AND THEIR MODIFICATIONS
FOR GENE THERAPY

Many viruses have been used for gene therapy. However,
multiple factors limit the effective utilization of viruses for
gene therapy. For instance, it has been observed that upon
transgene delivery to the target cells the transgene expres-
sion diminishes with time, warranting re-administration of
the viral vectors. In this regard, viral vectors utilized for
gene therapy can be either integrating or non-integrating.
Integrating viruses, such as retroviruses (Chang et al. 2001)
and AAV (McCarty et al. 2004), integrate their genome
within the genome of the host organism. Non-integrating
viruses, such as adenoviruses (Marini et al. 2002), do not
integrate into the host genome, and therefore the viral ge-
nome is lost in proliferating cells. Historically it was there-
fore believed that integrating viral vectors would provide
long-term expression of the therapeutic gene in the host and
thus would not require repeated administration, unlike the
non-integrating viruses. However, pre-clinical experience
with the utilization of integrating vectors such as AAV for
gene therapy has demonstrated that repeated administration
might be necessary for integrating viruses as well. For
example, when AAV was used for genetic correction of a
cystic fibrosis defect in the lungs, the limited viral transduc-
tion efficiency resulted in low therapeutic gene delivery to
the lung cells. Moreover, an antibody response generated
against the viral vector reduced the amount of gene transfer
that could be achieved and also prevented re-administration
of the virus (Halbert et al. 2000). Modification of viral vec-
tors to circumvent or mitigate an immune response against
the infected cell and the vector itself is thus warranted, even
if integrating vectors are used.
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Gutless vectors

As noted above, administration of viral vectors results in an
immune response. Upon first vector administration, the
body responds by mounting an immune response against
the virus itself, viral proteins that are expressed in the
infected cells and the therapeutic gene if it is foreign to the
host. This immune response severely limits the efficacy of
the therapeutic vector since infected cells that express the
transgene will be cleared from the body. In addition, the de-
velopment of immunological memory restricts the efficacy
of subsequent administrations, and limits the dosage and
the number of times the viral vector can be administered to
the patient. To circumvent the immune response generated
against the viral vector and the viral proteins, one of the
strategies employed is the deletion of the unnecessary viral
genome sequences. The removal of the unnecessary viral
genome sequences drastically reduces the immunogenicity
of the viral vector, and increases the efficacy of viral gene
therapy. Another benefit of the deletion of viral genome
sequences is the increase in carrying capacity for foreign
therapeutic genes. This is especially important when large
genomic sequences need to be delivered, such as the
dystrophin gene for the treatment of Duchenne muscular
dystrophy (Bogdanovich et al. 2004).

As a representative example of viral vectors with del-
eted genome sequences, the construction of adenoviral (Ad)
vectors carrying progressively less amounts of the viral ge-
nome can be studied, which is described below.

First generation Ad vectors

One of the considerations in deciding which viral genes can
be deleted from the genome is the role played by these
various genes in the viral reproduction cycle. As an exam-
ple, for Ads it was discovered that early (E) expression
gene products could be provided in trans in order to
achieve mature adenoviral progeny production during the
production process. In particular, E1, E2, E3 and E4 re-
gions have been deleted or inactivated. Initially, it was the
El region that was deleted from the Ad genome consider-
ing its essential role in transcriptional activation of other
early genes, inhibition of apoptosis of the infected cell and
modification of the intracellular environment to make it
more conducive for Ad protein production (Akusjarvi 1993;
Flint et al. 1997; Young et al. 1997; Dyson 1998). Deletion
of El resulted in replication deficient viral vectors that
were propagated in helper cell lines that provided E1 gene
product in trans (Trapnell ef al. 1994).

Subsequently, the E3 region was deleted, which en-
codes proteins that inhibit various death pathways elicited
by the host immune system against the cells infected with
Ad vectors (Wold ef al. 1995, 1999). The Ad vectors with
deleted E1, with or without deletion of E3, are referred to
as ‘first generation’ Ad vectors (Fig. 1). The first genera-
tion Ad vectors have a carrying capacity of ~8 kb for for-
eign genes (Bett et al. 1993). However, unfortunately, even
after deletion of E1 and E3, these viral vectors still suffer
from immune resistance due to leaky viral protein expres-
sion in the host. This results in clearance of the viral vec-
tors as well as host cells infected with the virus (Yang et al.
1994). In addition, propagation of these vectors in comple-
menting cell lines may result in replication competent ade-
noviruses (RCA) due to recombination with the viral DNA
sequences present in the complementing cell line (Amalfi-
tano et al. 1998). The RCA contaminates the replication
incompetent viral vector preparations. The possibility of
uncontrolled replication of this RCA contaminant in the
patient increases the safety considerations.

Second generation Ad vectors
The problems with the first generation Ads mentioned

above sparked the further minimalization of the viral ge-
nome, and thus the viral protein expression in the host. For
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Fig. 1 Diagram of viral genomes corresponding to the wild type Ad genome and three generations of Ad vectors. Deleted genes are shown in gray.
The function of the deleted genes is delivered in trans by complementing cell lines or a helper virus. Each generation has tolerated larger insert sizes,
culminating in gutless vectors that can package inserts up to 36kB. An example of how these gutless vectors are produced is the use of a helper virus that
incorporates loxP sites that flank the packaging signal () in its genome. When this virus infects cells that express the Cre recombinase and are transfected
with the gutless genome, the packaging signal will be deleted from the helper virus genome that will thus not be incorporated into the new virions,
resulting instead in packaging of the gutless genome that does have the packaging signal.

this, in addition to E1 and E3, the E2 region was also dele-
ted (Amalfitano et al. 1998). The E2 region encodes pro-
teins needed for Ad DNA replication (van der Vliet 1995).
Following the E2 deletion, the E4 region was also deleted.
The E4 region encodes multiple proteins that are utilized
for Ad DNA replication, mRNA transport and splicing, in-
hibition of host cell protein synthesis, and regulation of
apoptosis (Bridge et al. 1989; Huang et al. 1989). With
regards to E4, viral vectors with modifications other than
deletion, such as removal of the E4 promoter, have also
been generated. The vectors with deletions in E2 and E4,
along with E1 and E3 in different combinations, are ref-
erred to as ‘second generation’ Ad vectors (Fig. 1). This
second generation has a transgene carrying capacity of ~14
kb (Alba et al. 2005).

In addition to reducing the host immune response and
increasing the transgene carrying capacity of Ad vectors,
these deletions also resulted in more severely crippled rep-
lication deficient vectors than the first generation vectors,
thereby increasing their safety profile (Parks et al. 1996).
For example, an Ad vector carrying the tumor suppressor
p53 in the deleted E1 region, deleted for E3 and having an
inactivated E4 region was compared to a vector with a wild
type E4 region, to analyze whether deleting multiple viral
genes can enhance the safety profile of the Ad vector. The
Ad vector with the inactivated E4 region demonstrated a
reduced host immune response compared to the control
vector, resulting in reduced toxicity and prolonged duration
of p53 expression in vivo in immunocompetent mice (Ji et
al. 1999).

However, despite these encouraging results, the resi-
dual gene expression from the remaining viral genes still
resulted in immunogenicity and toxicity for these second
generation Ad vectors. In this regard, it was soon realized
that for the Ad vectors, in addition to the early region
genes, many more genes could be deleted and their func-
tions provided in trans. Thus, true “gutless” vectors came
into being.

Third generation ‘gutless’ Ad vectors

Gutless vectors are the most advanced form of Ad vectors
currently available. These vectors are devoid of all the viral
genes except those that are required in cis for packaging
and replication. These vectors are also known as gutted,
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amplicon, high-capacity, helper-dependent and fully-dele-
ted adenoviral vectors (Fig. 1). The transgene carrying ca-
pacity of gutless vectors is ~36 kb (Alba et al. 2005). These
vectors have demonstrated a better safety profile than the
first and second generation of Ad vectors. However, there
are still some problems with gutless Ad, especially in
regard to problematic production of high titers that are
required for clinical use. Also, contamination with RCA
remains a concern that requires further investigation (Alba
et al. 2005). These problems are currently being countered
utilizing various approaches, such as episomally maintained
Ad vectors (Kreppel et al. 2004) and improved packaging
cell lines (Sakhuja et al. 2003; Alba et al. 2005).

In addition to the above mentioned ‘gutless’ Ad vectors,
other viral vectors with deleted viral genomes have been
constructed. For example, lentiviral (Naldini et al. 2000)
and retroviral vectors devoid of viral genome sequences in
the transfer vector have been constructed, such that no viral
proteins are produced in the infected cells.

In conclusion, even though many issues pertaining to
efficient production of the gutless vectors still need to be
resolved, it is anticipated that gutless vectors will be increa-
singly used for gene therapy in coming years due to their
improved efficacy and safety profile.

Oncolytic viral vectors

The proposed use of viruses for gene therapy applications
has always caused concern because of the inherent patho-
genic nature of these agents. In this regard, viral vectors
were modified to limit their replication potential in the host
organism (Fig. 2). Therefore, initially only the gene deliv-
ery capacity of viral vectors was utilized for gene therapy.
Although this addressed the concerns related to safety
issues in a cancer therapy context, this also prevented the
use of a very efficient cell killing method, i.e., viral vector
mediated lysis of infected tumor cells. For example, replic-
ation deficient Ad vectors were utilized to deliver a bacte-
rial cytosine deaminase gene into glioma cells, which che-
mosensitizes glioma cells for otherwise non-toxic 5-fluoro-
cytosine (Dong et al. 1996). This strategy kills those tumor
cells which are infected with the viral vectors, but not the
remaining tumor cells. However, if the viral vector could
replicate selectively in the tumor cells thereby resulting in
oncolysis, then the viral progeny could potentially infect
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the adjoining tumor mass that escaped the primary infec-
tion. Moreover, replicative virus can kill tumors in combi-
nation with the chemosensitizing approach.

Thus, in order to utilize the inherent cell killing poten-
tial of viruses with a lytic replication cycle but avoid side-
effects in healthy cells, viral vectors capable of selective
replication in tumor cells were constructed. These viral
vectors are replication competent and thus oncolytic, but
only in target cells by using a variety of mechanisms, as
will be described below. The use of oncolytic viruses for
killing target tumor cells has been defined as virotherapy
(Nettelbeck et al. 2003).

Advantages of oncolytic viral vectors

There are multiple advantages that mandate the use of con-
ditionally replicative oncolytic viruses for tumor treatment.
Being replicative, after the initial infection, viral progeny
can spread through the tumor mass and effectively remove
all of the tumor cells. In addition to their oncolytic proper-
ties, these viruses can also introduce therapeutic genes,
such as suicide genes and cytokines. In addition, expres-
sion of viral proteins can be utilized to elicit an anti-tumor
immune response, increasing the effectiveness of tumor
treatment.

A variety of oncolytic viruses have been used as poten-
tial candidates for oncolytic therapy, including Herpes
Simplex Virus (HSV), reovirus, vesicular stomatitis virus
(VSV), and Ad, to name a few.

The viruses currently under investigation for oncolytic
therapy are either inherently selective or are genetically
modified to be selective for replication competence in tu-

mor cells. In this regard, herpesvirus samiri (HVS) was de-
monstrated to be naturally selectively oncolytic for the
pancreatic cancer line PANC-1 (Stevenson et al. 2000).
Similarly, human reovirus (Hashiro et al. 1977) and VSV
(Stojdl et al. 2000) were shown to replicate more effici-
ently in transformed cell lines as compared to non-trans-
formed cells lines (Ring 2002). Reovirus is an example of a
naturally oncolytic virus with replication limited to tumor
cells with an activated Ras-signaling pathway. Upon infec-
tion of normal cells by reovirus, the early viral transcripts
activate double-stranded RNA-activated protein kinase
(PKR), which inhibits viral protein translation and viral
replication. However, in tumor cells, the activated Ras as
well as upstream and downstream elements of the Ras-
pathway, inhibit (or reverse) PKR activation, thereby al-
lowing reoviral replication resulting in oncolysis (Wilcox et
al. 2001). The activating mutations in Ras have been rep-
orted for >30% of tumors. In addition, the mutations in up-
stream and downstream arms leading to constitutive Ras
pathway signaling have been reported for an even greater
proportion of tumors (Norman et al. 2004). Based on these
facts, reovirus has been shown to be effective as an onco-
lytic agent for a variety of tumors, including malignant
glioma (Wilcox et al. 2001), breast cancer (Norman et al.
2002) and pancreatic cancer (Etoh et al. 2003) in animal
models.

VSV provides an example of an oncolytic virus where a
tumor cell advantage over normal cells has been exploited
for selective viral oncolytic activity. All cells exposed to
viral infection produce antiviral interferons (IFNs). How-
ever, cancer-specific mutations of gene products in the IFN
pathway have been reported in tumors (Stojdl et al. 2000).
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This defect in IFN response against viral infection has been
utilized for selective VSV replication and oncolysis of
tumors, such as melanoma (Stojdl et al. 2000) and colorec-
tal carcinoma metastatic to liver (Shinozaki et al. 2005) in
mouse models.

In some cases, natural oncolytic activity has been arti-
ficially restricted to a particular type of cell, thereby ren-
dering the virus useful for selective treatment of tumors.
For example, oncolytic herpes simples virus type 1 (HSV-
1) has been exploited for tumor therapy because it can be
modified for restricted viral replication in proliferating
glioma cells. Of note, one of the advantages of HSV-based
oncolytic vectors is the potential use of the antiviral drug
acyclovir, should replication become out of control. HSV-1
based vectors have been tested in various phases of clinical
trials for glioma with promising results. In addition, onco-
lytic viral activity of HSV-1 has been combined with the
elicitation of an anti-tumor immune response, in order to
improve tumor treatment. For example, Wong et al. used
an oncolytic HSV-1 expressing the pro-inflammatory cyto-
kine IL-12 for treatment of distantly metastatic squamous
cell carcinoma (SCC), and observed significantly improved
survival in mice with this combination of oncolytic and im-
mune therapy (Wong et al. 2004) as compared to oncolytic
therapy alone for treating disseminated disease.

A similar strategy based upon a combination of onco-
lysis and immunomodulation was used with an oncolytic
recombinant VSV expressing murine I1L-12 (rVSV-IL12).
This virus demonstrated a significant reduction in murine
squamous cell carcinoma volume as compared to the con-
trol virus without IL-12 (Shin et al. 2007).

In addition to above listed viruses, conditionally replic-
ative oncolytic adenoviruses (CRAds) have been used for
tumor treatment. These vectors have been developed based
upon the understanding of aberrant molecular pathways in
tumor cells in conjunction with the understanding of Ad
biology. For example, the Rb and p53 oncogenes have mu-
tations in many tumors. This fact has been exploited for the
generation of an oncolytic Ad vector, delta-24 (A24). In
this vector, the E1A region that interacts with Rb has been
deleted. This virus therefore replicates more efficiently in
tumor cells with mutations in Rb as compared to healthy
cells (Fueyo et al. 2000). Similarly, another Ad genome se-
quence, E1B 55kDa, which interacts with p53, was deleted
to construct a CRAd named d/1520 (Onyx-015) (Bischoff
et al. 1996). This virus replicates in tumors with mutations
in p53. However, it is now assumed that in addition to p53,
other factors like infectivity and cell permissiveness also
contribute to the differential replication of Onyx-015 (Ring
2002). It was determined that the use of Onyx-015 along
with chemotherapy might have synergistic effects for
tumor treatment (Khuri ef al. 2000). However, Onyx-015 is
not suitable by itself due to limited replication potency.
One of the reasons for the limited efficacy of Onyx-015
might be the loss of functions of E1B that are critical for
the Ad life cycle, such as mRNA transport and shut-off of
host cell protein synthesis (Ring 2002).

Another type of CRAds are those with tissue specific
promoters to impose transcriptional limitations for oncoly-
tic replication in specific target cells. For example, cyclo-
oxygenase-2 (Cox-2) has been shown to be highly expres-
sed in a number of epithelial tumors (Lam et al. 2007).
Based on this consideration, an infectivity enhanced CRAd
with the El region under transcriptional control of the
Cox-2 promoter was constructed. This vector demonstrated
potent anti-tumor effects as compared to the wild type vec-
tor for pancreatic (Yamamoto ef al. 2003) and ovarian tu-
mors (Kanerva et al. 2004) both in vitro and in vivo. An-
other example of transcriptional control of CRAd replic-
ation exploits the fact that tumor cell growth is dependent
upon neovasularization. For this purpose, vascular endo-
thelial growth factor (VEGF) is produced by tumor cells to
drive the angiogenesis. Takayama et al. utilized a tropism-
modified CRAd in which expression of E1 region, neces-
sary for viral replication, was put under transcriptional
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control of VEGF promoter. This vector replicated effici-
ently in lung tumors in vitro and in vivo (Takayama et al.
2007).

Issues pertaining to oncolytic viral therapy

Despite all these developments, many problems have ham-
pered successful utilization of oncolytic viruses for tumor
treatment. Upon intra-tumoral or peripheral administration
of the oncolytic virus, it was expected that viral progeny
would spread to the entire tumor mass and eliminate the
tumors efficiently. However, when the first pre-clinical
analyses were performed, it was apparent that oncolytic
viruses did not spread through the tumor mass as expected.
This might be due to the large size of the virus (90 nm for
Ad), and physical barriers such as cell-to-cell barriers,
basement membranes, necrotic regions and intermixed nor-
mal cells (Vile et al. 2002).

Another issue that needs to be addressed is the targeting
of the virus to specific cells. For example, Ad vectors bind
to the coxsackie adenovirus receptor (CAR), which is ex-
pressed at high levels in normal tissues of the body such as
liver, but at low or negligible level in certain tumors. This
results in low viral vector infection efficiency for the tumor
cells. In order to achieve the needed infectivity enhance-
ment, viral vectors have been genetically modified. For in-
stance, Krasnykh et al. constructed chimeric Ad5/3 vectors,
in which the knob domain of Ad5 was replaced by the knob
domain of Ad3. This chimeric virus was shown to bind to
cells by utilizing receptors other than CAR (Krasnykh et al.
1996), resulting in its ability to infect cell lines deficient in
CAR-expression. Another example for the Ad vector infec-
tivity enhancement is provided by Wu et al., who cons-
tructed Ad vectors with RGD and pK7 motifs in the fiber. It
is known that the amino acid sequence arginine-glycine-as-
partate (RGD) binds to integrins. Furthermore, it has been
demonstrated that poly-lysine sequences (pK7) bind to hep-
arin sulfate-containing receptors. Integrins and heparin sul-
fate-containing receptors are overexpressed in many tumors.
The double modified Ad vector containing RGD and pK7
motifs in the fiber was shown to be capable of infection in
both CAR-positive as well as CAR-negative cell lines. The
observed infectivity enhancement was a result of the utili-
zation of additional receptors for cell entry by the double
modified Ad vectors (Wu et al. 2002b).

In addition to the above issues, it has been realized that
oncolytic potency of the viral vectors must be determined
before these vectors are employed in clinical trials. The
oncolytic vectors are usually evaluated in immunodeficient
mouse models containing xenografts of human tumors.
However, being immunodeficient, these mouse models do
not represent the actual scenario in the body of an immuno-
competent human patient. In addition, mouse tissues are not
very permissive for the replication of human viral vectors
such as Ad vectors. In order to overcome these issues, Tho-
mas et al. have developed a Syrian hamster model for study
of the oncolytic Ad vectors. This model is immunocom-
petent and permissive to infection by the Ad vectors, there-
by mimicking the human physiological system more close-
ly than the mouse models (Thomas et al. 2006). However,
this model still needs better characterization before its pot-
ential can be fully exploited.

In addition to the use of animal models, liver and tumor
tissue slices from patients have also been used to evaluate
the toxicity characteristics of oncolytic viruses. Since tissue
slices can be directly derived from cancer patients, they
provide a more physiologically relevant platform for analy-
sis of toxicity of oncolytic viruses (Stoff-Khalili et al.
2007b). However, there are practical considerations regar-
ding the availability of fresh tissue slices that are currently
limiting their widespread application.

Another method to analyze the characteristics of onco-
lytic viruses is the use of in vitro human cell cultures. How-
ever, adherent cell culture is a two-dimensional system as
opposed to the three-dimensional tumor environment. Thus,
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novel assay systems are being developed to aid in pre-cli-
nical analysis of the oncolytic potency of the viruses. For
example, Lam et al. have developed a tumor-spheroid
three-dimensional system as compared to two-dimensional
cell culture mono-layers to measure the viral penetration
and oncolytic potency (Lam et al. 2007).

Thus, selectively replicative oncolytic viruses are a po-
tent tool for treatment of diseases like cancer. These viru-
ses will be used more widely for treatment once issues re-
lated to their oncolytic potency and safety are resolved.

TARGETING OF VIRAL VECTORS

In gene therapy, it is imperative that the therapeutic gene is
delivered specifically to the intended target cells. Similarly,
the viral vectors that are used for oncolytic therapy must
infect and replicate only in the particular cell type that
needs to be killed. However, the native tropism of viruses
utilized for gene therapy does not necessarily correspond
with the desired cell type that needs to be infected. For
example, Ads bind to CAR, which is expressed at high
levels in normal tissues of the body, such as liver, and not
in the intended targets like tumor cells. Therefore, upon Ad
vector administration, liver related toxicity can be observed.
Similarly, retroviruses are known to infect proliferating
cells. Although tumor cells proliferate rapidly, there are
other body cells that also undergo proliferation. Thus, ret-
roviral replication must be restricted to tumor cells only
and not to normal body cells. Another example is AAV-2,
which infects liver cells. This interaction is mediated by
heparin sulfate proteoglycan molecules that are present on
liver cells. Thus, to use AAV-2 for gene therapy of extra-
hepatic tissues, its binding to hepatic cells must be per-
turbed. Therefore, for the development of effective gene
therapy viral vectors, the native viral tropism needs to be
ablated and viral vectors need to be retargeted to tumor
cells.

The targeting of viral vectors can be either transduc-
tional or transcriptional. Transductional targeting involves
modification of viral tropism whereas transcriptional tar-
geting involves modulation of the viral gene expression
such that viral genes are expressed only in desired cell

types.

Transductional targeting

Transductional targeting has been achieved through a vari-
ety of approaches, including bifunctional adapters and ge-
netic modifications of the viral vector.

Bifunctional adapters for transductional targeting

Bifunctional adapters, as the name indicates, are a combi-
nation of two different subunits, one of which binds to the
viral vector and the other binds to the target cell. The two
different subunits can be attached to each other by either
chemical or genetic methods. There are a variety of sub-
units, some of which will be discussed in more detail
below.

Chemically conjugated bifunctional adapters

Due to the technical ease of coupling two subunits by che-
mical methods, the initial bifunctional adapters contained
subunits that were chemically linked. For example, a che-
mically coupled bispecific antibody conjugate was genera-
ted, in which an antibody against Ad was chemically liked
to an antibody against epidermal growth factor receptor
(anti-EGFR). This bispecific antibody was successfully uti-
lized for targeting Ad vectors to EGFR expressing human
glioma cells (Miller et al. 1998). However, due to the che-
mical coupling strategy employed for linking the two sub-
units, there was variability in the resulting bispecific anti-
body product, leading to batch to batch variations. Thus, a
more consistent production strategy was desired.
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Genetically conjugated bifunctional adapters

To circumvent the problems observed with chemical coup-
ling of the subunits, genetic coupling of the subunits cons-
tituting the bifunctional adapters was endeavored. For
example, an adenobody is a genetic fusion of a single chain
antibody (scFv) directed against the Ad fiber knob to a lig-
and that binds to a target cell. For example, Watkins et al.
fused a scFv against Ad knob with epidermal growth factor
(EGF), which can bind to EGFR on human cells (Watkins
et al. 1997). Haisma et al. further extended the adenobody
approach by constructing a bispecific scFv, called a single
chain diabody (scDb). For this purpose, a scFv against Ad
was genetically fused with a scFV against the EGFR (Hais-
ma et al. 2000). Another example of a scDb is for mela-
noma retargeted Ad vectors, where a scFv against Ad was
genetically fused with a scFv against the high molecular
weight melanoma antigen (Nettelbeck et al. 2004).

In addition to the use of scFc against the Ad knob, other
types of subunits with an affinity for Ad knob have been
utilized for construction of bifunctional adapters. For exam-
ple, the ectodomain of the native adenoviral receptor CAR
fused to scFvs that target tumor associated antigens has also
been exploited for retargeting Ad vectors to specific cells.
In this regard, Everts et al. fused the ectodomain of CAR,
sCAR, with a scFv directed against carcino-embryonic anti-
gen (CEA), which is over-expressed in the adenocarcino-
mas of the gastrointestinal tract, lung and breast. This bi-
functional adapter successfully re-targeted Ad vectors to
CEA artificially expressed in the lungs after intravenous
administration (Everts et al. 2005).

Using these bifunctional adapters, Ad vectors have
been efficiently retargeted to desired cells or tissues. In ad-
dition, the retargeting and accompanying ablation of native
tropism also reduced the Ad vector sequestration in liver,
leading to reduced toxicity. However, binding a bifunc-
tional adapter to the viral vector requires an incubation step
before infection can be achieved. In addition, even though
genetic bifunctional adapter molecules themselves are of a
homogenous nature, the incubation of them with Ad vectors
will still result in batch-to-batch variations, which are unde-
sirable for clinical application. Moreover, there is always a
possibility that the bifunctional adapter does not attach to
all the viral sites, thereby sustaining the possibility of viral
infection in unintended target cells. In order to resolve
these issues, genetic transductional targeting approaches
have been developed.

Genetic transductional targeting

A variety of vectors and methods have been used to genet-
ically modify viral vectors in order to achieve the required
targeting. For example, Girod et al. inserted a 14-amino-
acid targeting peptide, L14, into the capsid of AAV-2. The
resulting capsid modified virus was demonstrated to effici-
ently infect previously resistant cell lines that display the
integrin receptor recognized by L14 (Girod ef al. 1999).
Although insertion of a targeting moiety against a particular
target cell receptor into the viral capsid is an efficient way
of targeting the virus, it is very time consuming to incor-
porate a specific targeting ligand into the viral capsid for a
cell type of interest. Thus, a more general targeting ap-
proach might be more beneficial, especially for screening
purposes. In this regard, Ried et al. incorporated the im-
munoglobulin G (IgG) binding domain of protein A, Z34C,
into the AAV-2 capsid. The resulting AAV-2 mutants could
be targeted to distinct hematopoietic cell lines using an
antibody against CD29 (f;-integrin), CD117 (c-kit recep-
tor) and CXCR4 (Ried et al. 2002). Another example of a
general targeting approach is provided by genetically mod-
ified Ad vectors. In this regard, Noureddinni et al. also
fused the Fc-binding domain of Staphylococcus aureus pro-
tein A into a chimeric fiber expressed on Ad vectors. This
modified Ad vector can now be utilized to infect a broad
range of target cells, depending on the monoclonal antibody
that is coupled to the Fc-binding domain on the Ad vector
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(Noureddini et al. 2006).

In addition to genetically incorporating the targeting
ligands in the capsid of the viral vectors, another approach
that has been proposed is pseudotyping. It involves substi-
tuting the receptor binding proteins of one virus for those
of another virus. For example, an AAV-2 genome encapsi-
dated into a parvovirus B19 capsid can provide a new tool
for AAV-2 targeting to specific cells, based on the natural
tropism for human erythroid progenitor cells of parvovirus
B19 (Ponnazhagan et al. 1998).

One of the most advanced forms of genetic transduc-
tional targeting is to directly incorporate antibodies recog-
nizing the target cell antigens into the viral capsid. This has
recently been achieved for Ad vectors. Hedley et al. gene-
tically incorporated a scFv into the fiber of Ad vectors and
demonstrated successful targeting to receptors on the
surface of target cells (Hedley et al. 2006). It will be of in-
terest to see the targeting capacity of these genetically
modified vectors in an in vivo context, and determine their
translational potential.

Similar genetic approaches have also been applied for
targeting of other viruses. For example, scFv against CD38
and EGFR have been genetically incorporated into measles
virus (MV) (Nakamura et al. 2005). More recently, Hase-
gawa et al. genetically modified the tropism of MV for
targeted virotherapy of ovarian cancer. For this purpose,
they incorporated the scFv specific for a-folate receptor
(FRa), which is over-expressed on 90% of nonmucinous
ovarian cancer, into the attachment protein of MV. This vi-
rus reduced the tumor volume and also increased the over-
all survival of mice as much as the parental virus, but with-
out the side effects of the untargeted virus (Hasegawa et al.
2006).

Transcriptional targeting in combination with
transductional targeting

The above examples illustrate the approaches that have
been developed for targeting viral vectors to specific cells.
However, a strategy to supplement the tranductional target-
ing is to involve transcriptional targeting as well. For this
purpose, cell specific promoter elements have been incor-
porated into the genome of viral vectors to limit viral gene
expression in specific cell types. For example, Muller et al.
used AAV-2 devoid of binding to their primary receptor
heparin sulfate proteoglycan. In this virus, they incorpo-
rated a luciferase reporter gene under the control of 1.5-kb
cardiac myosin light chain promoter, fused to the cytomeg-
alovirus immediate early enhancer. The combined trans-
ductional and transcriptional targeting with this virus resul-
ted in efficient gene transfer to cardiac cells in vivo and
also had a significantly reduced hepatic sequestration
(Muller et al. 2006).

Another example for combined transductional and
transcriptional targeting is provided by Ad vector targeting
to endothelial cells. To achieve this targeting, Reynolds et
al. utilized a chemically linked bifunctional adapter. For
this, a Fab fragment against Ad knob was chemically coup-
led to an antibody against angiotensin converting enzyme
(9B9), which is a membrane-bound ectopeptidase expres-
sed on pulmonary vascular endothelium. For transcrip-
tional targeting, the promoter for vascular endothelial
growth factor receptor type-1 (flt-1), which has high acti-
vity in endothelial cells, was utilized to drive the expres-
sion of a luciferase reporter gene. The combined transduc-
tional and transcriptional approaches resulted in a syner-
gistic 300,000-fold improvement in the selectivity of trans-
gene expression for lungs as compared to the liver, which

is the usual vector sequestration site (Reynolds et al. 2001).

Thus, combined targeting approaches have been shown to
be useful for cell type specific viral vector delivery and
therapeutic gene expression, for improved gene therapy.
Targeting of the viral vectors to the appropriate cells is
crucial for development of an efficient gene therapy regi-
men and as illustrated by above examples, many unique
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strategies have been developed for this purpose. Though
specific target cell delivery increases the therapeutic gene
transfer to target cells, unfortunately an immune response
elicited against the viral vector still limits full utilization of
targeting approaches.

STRATEGIES FOR IMMUNE SYSTEM EVASION BY
VIRAL VECTORS

Viral vectors utilized for gene therapy are recognized as
foreign by the host in which they are injected, and are
therefore countered by an immune response. The immune
response consists of innate and adaptive responses. The in-
nate response is elicited upon recognition of the foreign
viral capsid components by the immune system. The innate
response leads to clearance of the viral vector before the
viruses have had a chance for primary infection (Bessis ef
al. 2004; Muruve 2004). This diminishes the efficiency of
the transgene delivery to target host cells. Following suc-
cessful viral infection of host cells, the adaptive arm of the
host immune system is activated against the viral proteins
that are produced in the host cells and the therapeutic gene
if it is foreign to the host. The adaptive response also re-
sults in the development of immune memory, which further
limits viral re-administration (Bessis ef al. 2004). Also, pre-
existing immunity against the viral vector further com-
pounds the problem of efficient therapeutic transgene deliv-
ery by the viral vector. For example, Ads are one of the
causative agents of the “common cold” and thus, many pa-
tients have pre-existing humoral immunity against the viral
vector. This leads to rapid clearance of the therapeutic viral
vector from the blood stream, prevents re-administration of
the viral vector and results in overall reduction in the ef-
ficacy of the viral vector based gene therapy. This suggests
that suppression or avoidance of the immune system would
be needed to achieve sufficient viral vector based thera-
peutic effects. However, the immune response generated
against the viral vector and/or the delivered transgene can
also be exploited for manipulating the host immune system
in developing an effective immune response against tumor
cells. The following examples illustrate these points in
more detail.

Immuno-suppression

To circumvent the immune system mediated removal of the
viral vector, a variety of approaches have been developed.
In this regard, immuno-suppressants have been used to
blunt the immune system of the host, thereby increasing the
transgene delivery and expression by the viral vector. For
example, Jooss et al. administered an Ad vector along with
different doses of cyclophosphamide, which suppresses T
cells. They demonstrated an effective blockade of both T
and B cell responses in the liver and the lungs of C7BL/6
mice using this strategy. This resulted in prolonged trans-
gene expression, reduced inflammation and allowed re-ad-
ministration of the Ad vector (Jooss et al. 1996). However,
the use of immunosuppressive drugs, which diminish the
immune response capacity of the patient against foreign
pathogens, causes concern.

Another strategy that has been utilized for immune sys-
tem modulation involves perturbation of the host immune
system at the level of cross-talk among different immune
cell types. Disruption of the co-stimulatory interactions be-
tween antigen presenting cells (APCs) and B and T cells
has been shown to be successful for reducing the cellular as
well as humoral response generated against the viral vector.
APCs present processed foreign antigens in association
with major histocompatibilty complex (MHC) molecules to
T cells for their activation. In addition to the antigenic
peptide and MHC interaction with the T cell receptor
(TCR), other co-stimulatory molecules also play an impor-
tant role in T cell activation. In this regard, B7 proteins on
APCs bind to CD28 on T cells, providing a critical second
co-stimulatory signal, especially for the primary response
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Fig. 3 Strategies employed for immune system
evasion. Pre-existing immunity against gene ther-
apy vectors is a major limitation to effective gene
transfer. Strategies to overcome this hurdle in-
clude serotype switching (top) and physical mas-
king of antigenic epitopes (bottom). Top: Serotype
switching encompasses the construction of vectors
containing capsid proteins from different sero-
types. For example, a chimeric Ad5 vector expres-
sing hexon protein of Ad3 was constructed. This
vector was not recognized by antibodies against
the hexon protein of Ad5, thereby allowing vector
re-administration. Bottom: Alternative strategies
have included physical masking of antigenic epi-
topes on viral vectors. For example, poly(ethylene
glycol) molecules can be chemically conjugated to
Ad vectors, which protect the vectors against anti-
body recognition.
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of the naive T cells to novel antigens. B7 also binds to
CTLA4 on the T cell surface, which primarily dampens T
cell activation. Thus, blocking the interaction of B7 with
CD28 will inhibit T cell priming, which will inhibit down-
stream immune responses activated by T cells. In this re-
gard, it has been shown that the extracellular domain of
CTLA4 fused to an immunoglobulin IgGFc domain
(CTLA4Ig) binds to B7 with 20-fold higher affinity as
compared to CD28. A consequence of the interaction of
antigen-MHC with TCR in the absence of B7-CD28 inter-
action can be the induction of T cell energy or prolonged
unresponsiveness (Kay et al. 1997).

Another immune system interaction that has been dis-
rupted is the interaction between activated T cells and B
cells. Activated T cells express CD40, which binds to
CDA40 ligand on the surface of B cells, which is critical for
the development of a humoral B cell response. This inter-
action can be blocked by a monoclonal antibody, MR-1,
against CD40 ligand. Blockade of this interaction results in
immunodeficiency in antibody response (Kay et al. 1997).
A combination of CTLA4Ig with MR-1 has been utilized
for suppressing the host immune system. For example, it
has been shown that administration of MR-1 protein along
with CTLA4Ig allowed for re-administration of AAV in
lung (Halbert et al. 1998) and Ad in the liver (Kay et al.
1997).

An alternate strategy that has been utilized for im-
munosuppression is incorporation of immune system sup-
pressor genes in the viral vector itself. Immune system sup-
pressing genes have been used to blunt the immune res-
ponse even when the viral vector encoded proteins are pro-
duced in the host cells. For instance, Haralambieva et al.
incorporated the P gene from a wild type measles virus
(MV) strain into an oncolytic MV. The P gene product in-
hibits interferon (IFN) induction and/or response. The re-
sulting chimeric oncolytic virus armed with the P gene ex-
hibited reduced IFN sensitivity, diminished IFN induction
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capacity and enhanced oncolytic potency as compared to
the control oncolytic MV (Haralambieva et al. 2007).

Modification of the viral vector for immune system
evasion

In order to prevent immune rejection of the viral vectors,
various strategies have been employed for their modifica-
tion in addition to immunosuppression. One of the strat-
egies involves deletion of the unnecessary viral genome se-
quences resulting in reduced viral protein expression. The
reduced viral protein production results in less immune
stimulation. This strategy has been successfully applied for
reducing the immune response against the viral vector. For
example, as described in another section, gutless Ad vec-
tors devoid of most of the genome sequences have been
reported to have improved transgene expression and en-
hanced safety profile (Morsy et al. 1998; Schiedner et al.
1998).

Another strategy for immune evasion is based upon
serotype change of the viral vectors. Serotype specificity is
one of the ways to classify subtypes of viruses. Per defini-
tion, antibodies generated against one viral serotype do not
recognize another viral serotype. Based on this consider-
ation, Riviere et al. demonstrated that different recombi-
nant AAV serotypes, AAV type 1, 2 and 5, can be utilized
for repeated cross-administration for transgene delivery
(Riviere et al. 2006). This is because pre-existing im-
munity against one serotype of a viral vector does not pre-
vent administration of another serotype of that viral vector.
Another such example is provided by Ad vectors that ex-
press capsid proteins derived from two different serotypes,
so called chimeric vectors. In this regard, it has been re-
ported that the major antibody response is generated against
the hexon capsid protein of Ad vectors. Based on this
consideration, Wu et al. constructed a chimeric adeno-virus,
Ad5/H3, by replacing the AdS hexon gene with the hexon
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gene of Ad serotype 3 (Fig. 3). They demonstrated that an-
tibodies against either the parent virus with the AdS5 hexon
protein (AdS5/H5) or the chimeric virus with Ad3 hexon
protein (Ad5/H3) did not cross-neutralize the other virus.
In addition, pre-immunization of C57BL/6 mice with either
of the viruses did not prevent subsequent infection by the
other virus (Wu et al. 2002a). Thus, serotype switching
strategies can be utilized for re-administration of the viral
vectors. However, for each re-administration, a vector with
different serotype will be required. Generation of these se-
rotype viral vectors requires much effort and they may not
transduce the same target cell population.

In addition to the above genetic modification strategies,
viral vectors have also been modified through chemical
strategies, most notably by the use of poly(ethylene glycol)
(PEG) to mask the antigenic epitopes on the viral surface.
This is also known as ‘stealthing’ (Fig. 3). PEG is a hydro-
philic molecule, which physically masks the capsid pro-
teins, thereby resulting in reduced innate immune response
generated against the viral vector (Mok et al. 2005). Croyle
et al. showed that PEGylated gutless Ad vectors could be
re-administered with efficient transgene expression. Thus
PEGylation can be utilized for improving the safety and
efficacy profile of the viral vectors (Croyle et al. 2005).
However, an immune response will still be generated
against the new viral progeny produced in infected cells.

Recently, PEGylation-based immune evasion has been
combined with molecules utilized for retargeting of the
viral vectors to the desired cell types. For example, folate
was chemically conjugated to PEG. The resulting folate-
PEG was subsequently coupled to Ad vectors. This ap-
proach increased the transgene expression in folate recep-
tor over-expressing cell line (KB cells) as compared to the
folate receptor deficient cell line (A549 cells). In addition,
PEGylation significantly reduced the innate immune res-
ponse against the Ad vector (Oh et al. 2006). Thus, this
combinatorial approach efficiently protects viral vectors
from the innate immune system and also aids in efficient
transgene delivery to specific target cells.

The examples listed above illustrate the various strate-
gies that have been utilized for protecting the viral vector
from the host immune system. However, the immune res-
ponse generated against the viral vector and/or the deliv-
ered transgene can also be utilized in substituting immunity
against the tumor cells. Although in general an immune
response should be avoided to achieve a sufficient thera-
peutic effect, in the context of cancer immunotherapy this
response is actually desired to efficiently utilize the capa-
city of the host immune system to kill the tumor cells. In
this regard, viral vectors have been utilized for developing
immunity against tumor-associated self antigens and there-
by break tolerance. For example, AAV-2 was utilized to
deliver BA46 to dendritic cells. BA46 is a membrane-asso-
ciated glycoprotein that is expressed in most breast tumor
cells, but not in general hematopoietic cell populations.
The AAV-2 mediated BA46 delivery to dendritic cells re-
sulted in generation of cytotoxic T lymphocytes against
BA46 populations, which could potentially kill the breast
cancer cells (Liu et al. 2005). Another example is provided
by an Ad vector encoding HER2. The HER2/neu oncogene
encodes for a protein p185 (C-erbB2). This protein is over-
expressed in 30-50% of human breast cancer and in several
other types of carcinomas. p185 has high oncogenic poten-
tial and its increased expression correlates with tumor ag-
gressiveness. Ad-HER2 was injected intra-muscularly in
BALB/c mice that are transgenic for the transforming form
of the neu oncogene. These mice spontancously develop
carcinomas in all mammary glands. The Ad-HER2 vac-
cination resulted in both T and B cell responses against
HER?2, thereby preventing tumorigenesis (Gallo et al.
2005). Thus, viral vectors can potentially be utilized for
generating immune response against the tumor cells.

The above examples highlight a few of the strategies
that have been successfully used to counter the immune
response that is generated upon viral vector administration
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such as immunosuppression, expression of immune sup-
pression genes and genetic as well as chemical vector mo-
difications. In addition, the immune response generated
against the viral vector and its transgene has been exploited
for developing patient’s immunity against the tumor cells.

CELL-BASED STRATEGIES FOR CANCER GENE
THERAPY

In addition to the virus-based strategies described above,
viruses have also been utilized for cell-based strategies
aimed at cancer gene therapy. Many of these strategies are
centered on using cells as factories to produce angiogenesis
inhibitors or cytokines that prime the immune system.
Other strategies are aimed at using cells as “trojan horses”
to deliver suicide genes or oncolytic viruses directly within
the tumor stroma. Cell vehicles used as factories can result
in the localized and sustained production of therapeutic
proteins, the length of which depends on the type of vectors
used for gene transfer, the cellular targets transduced, and
the immunogenicity of the therapeutic proteins produced.

Therapeutic effector molecules for cell-based
therapy

Angiogenesis inhibitors, such as angiostatin (O'Reilly et al.
1994) and endostatin (O'Reilly et al. 1997), are effective at
limiting tumor growth and metastasis, but the fact that
micrometastatic lesions can lay dormant may require conti-
nuous production to prevent future tumor outgrowth (Scap-
paticci 2002). Gene therapy approaches may be ideal for
these situations, since these strategies allow for localized
and sustained production, and avoids the need for the doses
required for systemic efficacy (Persano et al. 2007). Mes-
enchymal stem cell mediated delivery of IL-12 was re-
cently reported to reduce the formation of lung metastasis
in a murine melanoma model, although NK and T cell med-
iated responses were also involved in the outcome (Elzaouk
et al. 2006). A recent study by Jin et al. describes the com-
bined use of an Ad vector that targets expression of an anti-
angiogenic factor to the tumor endothelium along with a
conditionally-replicating oncolytic Ad vector containing a
tumor-specific promoter (Jin et al. 2005). A similar ap-
proach can be envisioned, using cell-mediated delivery of
both therapeutic and oncolytic vectors. Combined therapeu-
tic strategies for a disease marked by such vast epigenetic
differences will likely be required. The true potential of an-
giogenesis inhibitors may be in the fact that they allow time
for additional therapeutic avenues to take effect.

Cytokines are also favored as key therapeutic products
for cell vehicle mediated delivery. As with angiogenesis in-
hibitors, large doses are often required to achieve therapeu-
tically relevant concentrations. However, unlike angioge-
nesis inhibitors, elevated cytokine concentrations can have
adverse effects (Lejeune ef al. 1998; Neri et al. 2006). Thus,
cellular vehicles may also serve to express and secrete the
requisite cytokines for localized production at concentra-
tions that limit untoward complications to the host. These
cellular factories also abrogate the need for recombinant
protein production and purification techniques. Minuzzo et
al. recently provided a detailed review of the combined use
of viral vectors with cell-mediated delivery of cytokines
(Minuzzo et al. 2007).

Cancer gene therapy studies have also evaluated the use
of prodrug activating enzymes, or suicide genes, that con-
vert an exogenously provided substrate into a cytotoxic mo-
lecule. The herpes simplex virus thymidine kinase gene
(HSV-TK) acts as a suicide gene in the presence of the gua-
nosine analog, gancyclovir (GCV) (Elion 1980; Moolten
1986). Cell vehicles that express these suicide genes and
engraft tumors can cause a ‘bystander effect’, or collateral
damage to surrounding tumor cells upon addition of the
prodrug (Freeman et al. 1993). Tumor cells, endothelial
cells, progenitor cells, and mesothelial cells have all been
evaluated as vehicles to deliver the HSV-TK/GCV medi-



Advances in Gene, Molecular and Cell Therapy 1(1), 30-43 ©2007 Global Science Books

Fig. 4 Fate of systemically delivered Ad vectors. Systemically administered Ad vectors are not able to escape the circulatory system and are thus rapidly
sequestered by cells of the reticuloendothelial system. Furthermore, Ad targeting is limited by soluble immune factors, such as complement and
neutralizing antibodies, and non-specific interactions with erythrocytes, neutrophils, and monocytes. In contrast, cells that have intrinsic or engineered
targeting activity can be loaded with Ad vectors and serve as site-specific delivery vehicles that protect virions from inactivation, while amplifying the

payload in transit.

ated bystander effect to tumors (Rancourt ef al. 1998; Cou-
kos et al. 1999; Pereboeva et al. 2003; Rancourt et al.
2003).

Recent studies have centered on the use of cell vehicles
to deliver oncolytic adenovirus vectors. This strategy
avoids complications and the marked inefficiency associ-
ated with systemic introduction of viruses, such as pre-
existing neutralizing antibodies, non-specific vector se-
questration in the liver or blood, and the inability to cross
the endothelial barrier (Fig. 4) (Chirmule et al. 1999; Tsu-
jinoue et al. 2001; Shayakhmetov et al. 2004; Franceschi
2005; Shayakhmetov et al. 2005). As described above, the
list of naturally occurring, or recombinant oncolytic viruses
includes adenovirus, herpes (Martuza et al. 1991), vaccinia,
reovirus (Coffey et al. 1998), poliovirus, and Newcastle
Disease Virus (Cassel et al. 1965; Martuza et al. 1991; Bis-
choff et al. 1996; Coffey et al. 1998; Timiryasova et al.
1999; Gromeier et al. 2000). Various cellular vehicles have
also been employed to deliver these agents to tumors. Tu-
mor cells infected with oncolytic parvovirus (Raykov ef al.
2004) or Ad (Garcia-Castro et al. 2005) vectors have been
shown to engraft and deliver the oncolytic payload to pre-
existing metastatic nodules. Others have used mesenchy-
mal progenitors cells to deliver oncolytic agents to lung
(Stoff-Khalili et al. 2007a) or intraperitoneal (Komarova et
al. 2006) tumor xenografts. Cytokine induced killer cells
have inherent tumor killing activity that is enhanced if the
cells are preloaded with oncolytic vaccinia virus (Thorne et
al. 2006). Tankov et al. recently reported the comparison of
several cell vehicles as oncolytic measles virus carriers
(Tankov et al. 2007). This strategy transferred the virus via
a heterofusion mechanism, even in the presence of neut-
ralizing antibodies, further demonstrating the true potential
of this approach.

Cell types used in cell-based therapy

Along with the genetic payload to be used, the cell types
suited or available for use as vehicles for cancer gene the-
rapy will be critical. Different cell types have unique cha-
racteristics that may be required for efficient cancer gene
therapy. In general, ideal cell vehicles are non-invasively
accessible, can be purified and expanded to therapeutic le-
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vels, are susceptible to genetic manipulation, and home and
engraft therapeutically-relevant target sites. Cell size is
often a limiting factor due to the fact that systemic admi-
nistration requires that the cells are capable of circulating
through the lung microvasculature. Thus, the cells meeting
most of the cell vehicle criteria are of hematopoietic origin,
as these cell types are innately geared for systemic circu-
lation. Further, many of the other characteristics defining
ideal cell vehicles are natural properties of hematopoietic
cells, including their ability to infiltrate tumor tissues.

Of the many leukocyte subsets found within the tumor
stroma, tumor-associated macrophages (TAMs) are the
most abundant, and are typically associated with poor prog-
nosis (O’Sullivan et al. 1994; Leek et al. 1996; Takanami
et al. 1999). Macrophages are essential components of in-
nate immunity, acting as both antigen presenting and effec-
tor cells that protect the body against invading pathogens.
Macrophages arise from progenitors in the bone marrow,
entering circulation as promonocytes, where they differen-
tiate into monocytes. Monocytes infiltrate tissues, further
differentiating into resident macrophages. Macrophage in-
filtration and accumulation is a normal part of the inflam-
matory processes resulting from wounds and infection, as
well as chronic inflammatory disease. Tumor cells secrete
chemotactic molecules such as CCL2, macrophage-colony
stimulating factor, and vascular endothelial growth factor
that act to recruit TAM precursors. The tumor cells also
secrete cytokines that polarize TAM into type II macro-
phages, which act to suppress adaptive immunity (reviewed
by Mantovani et al. (2002)). Hypoxic conditions within tu-
mors also induce expression of TAM genes associated with
tumor cell proliferation, invasiveness, and angiogenesis
(Murdoch et al. 2005). Although TAM are localized at the
site of the tumor and play a part in tumor development,
they lack the ability to home to tumors if isolated and sys-
temically re-infused (Wiltrout et al. 1983; Ben-Efraim et al.
1994).

Many other leukocyte subsets are also found within
the tumor stroma, including tumor-infiltrating lymphocytes
(TILs). TILs have been shown to have either tumor-sup-
pressing or tumor-promoting activity. CD4'CD25 FOXP3"
regulatory T cells (Tregs) suppress antitumoral immunity
and thus promote tumor growth, while CD8" cytotoxic T
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lymphocytes (CTLs) have direct tumor cell killing activity
(Chen et al. 2005; Nishikawa et al. 2005). Unlike TAMs,
TILs can be isolated, expanded ex vivo, and home to tu-
mors when systemically reimplanted into the patient. This
adoptive transfer approach has recently been shown to be
an effective strategy for the treatment of melanoma. Inter-
estingly, unmodified (Dudley ef al. 2002) tumor-reactive T
cells, and T cells engineered with viral vectors to be tumor
reactive (Morgan et al. 2006) have both demonstrated ef-
fective tumor regression in melanoma patients.

Several other non-hematopoietic cell types have also
been evaluated as cell vehicles for cancer therapy. Proge-
nitor cells are widely used for this strategy. These cells are
rapidly recruited to sites of injury where they differentiate
into the cellular components required to repair the dam-
aged tissue (Mackenzie ef al. 2001). The architecture of a
rapidly developing tumor closely resembles damaged tis-
sue in that it is often disorganized, inflamed, and hypoxic
(Haroon et al. 2000). Not surprisingly, mesenchymal and
endothelial progenitor cells are recruited to the site of the
tumor and can contribute to malignant growth (Studeny et
al. 2004).

The specific cell types used will largely depend on the
types of tumors being targeted and the types of thera-
peutics intended for delivery. Systemic injection of cells,
unless specifically targeted to the lung, should be restricted
to hematopoietic cell lineages that can circulate through the
microvasculature. Locoregional, or intratumoral injection
of cell vehicles may utilize additional cell types. In the rare
circumstances in which natural tumor-homing T cells are
attainable, delivery of lytic viruses may not be the best
option, as these cells have inherent tumor-killing activity.
As previously mentioned, many non-tumor cells contribute
to tumor cell growth. Cell mediated delivery of agents that
target elimination of Tregs or TAMs within the tumor may
also prove to be therapeutically useful.

FUTURE PERSPECTIVES

The above mentioned examples highlight the crucial role
viral vectors play in gene therapy applications. However,
problems related to efficient delivery of the transgene to
target cells, long-term transgene expression and immune
responses against the viral vector and infected cells have
prevented utilization of the full potential of viral vectors. As
noted above, various strategies have been employed to en-
hance the transgene delivery and expression and reduce
viral toxicity. In future, continued progress in these respects
will further improve overall efficiency of the viral vector
based gene therapy.

Cell based therapy has utilized the many advances in
viral vector mediated gene expression technology for con-
centrated, but localized delivery of therapeutic products.
Although the idea of cell-based delivery of therapeutics has
been around for quite a while, practical application has
been limiting. Realization that particular cell types have
true homing potential has led to revitalized interest in this
technology. Much of the transcriptional and targeting
knowledge obtained for both viruses and cells can now be
combined for multifaceted cancer treatment approaches.

One of the interesting aspects related to tumor therapy
is that combination of gene therapy with radiotherapy (Ro-
gulski et al. 2000) or chemotherapy (Khuri et al. 2000) has
shown synergistic effects for tumor treatment. Thus, a com-
binatorial approach has been determined to be optimal for
tumor treatment. Therefore, most likely in future viral vec-
tors will be combined with both existing treatments for can-
cer, as well as new treatment opportunities offered by for
example, nanotechnology. As an example, gold nanoparti-
cles (AuNPs), can be used for hyperthermic tumor cell
ablation using laser irradiation (O’Neal et al. 2004). Everts
et al. have attached AuNPs to Ad vectors to deliver these

nanoparticles specifically to tumor cells (Everts ef al. 2006).

This complex of Ad vectors with AuNPs can potentially be
used for simultaneous tumor treatment with gene therapy
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and nanotechnology approaches. These viral vectors with
coupled nanoparticles have been previously defined as viro-
nano therapy agents (Saini et al. 2006).

In conclusion, viral vectors as well as genetically modi-
fied cells are important for cancer gene therapy. Technolo-
gical advances will further increase the utility of viral vec-
tors for efficient gene and cell therapy in future, and much
progress can be expected in the coming years, now that ma-
jor roadblocks have been identified and strategies to over-
come these roadblocks have shown promise in pre-clinical
models.
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ABSTRACT

Development of novel therapies remains essential for
treatment of cancer; in this regard, nanotechnology holds
great promise. For example, tumor imaging opportunities
have expanded by the development of quantum dots (QDs),
and novel tumor treatment opportunities are exemplified by
the use of gold nanoparticles (AuNPs). However, for all
these applications of metal nanoparticles, selective tumor
targeting is crucial for successful clinical application.
Considering the progress made in targeting adenoviral (Ad)
gene therapy vectors to tumors, we herein aim to couple
metal nanoparticles to targeted Ad vectors to achieve
selective tumor accumulation. We demonstrate that metal
nanoparticles such as QDs and AuNPs can indeed be
coupled to Ad vectors, without compromising viral
infectivity, retargeting ability or function of the
nanoparticles. This innovative combination strategy is
therefore expected to lead to the development of a unique
methodology for cancer detection and treatment.

Keywords: adenovirus, quantum dots, gold nanoparticles,
targeting, imaging

1 INTRODUCTION

Despite advances in detection and treatment of cancer,
development of novel therapies remains essential in the
continuing battle against this disease. In this regard,
nanotechnology holds great promise for the detection and
treatment of cancer. For example, tumor imaging
opportunities have expanded by the development of
quantum dots (QDs) for fluorescence based detection [1], or
magnetic nanoparticles for magnetic resonance imaging
applications [2]. Novel tumor treatment opportunities are
exemplified by the use of gold nanoparticles, which upon
laser irradiation will heat up and kill neoplastic cells via
hyperthermia [3,4]. However, for all these applications of
metal nanoparticles, selective tumor localization is crucial
for successful clinical application.

In this respect, great progress has been made in
targeting gene therapy vectors to tumors. In particular, a
virus that causes the common cold — adenovirus (Ad) — has
been used in targeted gene therapy for cancer [5]. For
example, our laboratory has developed bi-functional
adapter molecules, which bind with one domain to the virus
and to tumor-associated antigens (TAAs) with the other.
We have previously established that these adapter
molecules are able to mediate Ad vector targeting to TAAs
in vitro and to TAAs expressed in the pulmonary
vasculature after systemic administration in vivo [6].
Importantly, it has also recently been demonstrated that the
utility of adapter molecules extends to Ad vectors targeted
to TAA-expressing tumors and hepatic metastases, even
when delivered systemically (Dr. H.R. Herschman, UCLA,
personal communication, manuscript submitted). We
therefore aim to couple metal nanoparticles to Ad vectors
that are targeted to tumor cells using bi-functional adapter
molecules, in order to achieve their selective tumor
accumulation. This combination of novel nanotechnology
developments with gene therapy targeting strategies is
expected to lead to the development of a multi-pronged
approach for cancer detection and treatment.

2 EXPERIMENTAL SECTION

2.1 Cell Culture

HEK-293 cells were obtained from Microbix (Toronto,
Canada), MDA-MB-361 cells were obtained from ATCC
(Manassas, VA, USA) and MC38 cells stably transfected
with carcinoembryonic antigen (CEA), MC38-CEA-2, were
kindly provided by Dr. Jeffrey Schlom, National Cancer
Institute (Bethesda, MD). All cells were maintained in
DMEM:Ham’s F12 (1:1 v/v, Mediatech, Herndon, VA)
medium, containing 10% fetal bovine serum (Hyclone,
Logan, UT), 2 nM L-glutamine, 100 IU/mL penicillin and
25 pg/mL streptomycin (all Mediatech). Medium for
MC38-CEA-2 cells additionally contained 500 ug/mL
G418 (Mediatech). Cells were grown in a humified
atmosphere with 5% CO2 at 37 °C.
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2.2 Construction, Production and
Purification of Bi-Functional Adapter
Molecules

Bi-functional fusion proteins capable of retargeting Ad
vectors to either the tumor-associated antigen
carcinoembryonic antigen (CEA) or c-erbB2 (HER2/neu)
were constructed, consisting of the ectodomain of CAR
including its own leader sequence (aa 1-236), followed by a
S5-aa peptide linker (GGPGS), a 6-histidine tag (for
detection/purification), followed by either the anti-CEA
single chain antibody MFE-23 (a kind gift from Dr. Kerry
Chester, London, UK) or the anti-c-erbB2 antibody C6.5
(provided by Dr. J.D. Marks, Department of Anesthesia and
Pharmaceutical Chemistry, University of California, San
Francisco, CA). To construct SCAR-MFE and sCAR-C6.5,
first, cDNA encoding sCAR followed by the 6-his tag was
amplified from pFBsCARG6ITT [7], introducing a HindIII
(5’) while maintaining the BamHI (3’) restriction site.
Second, the scFvs MFE-23 and C6.5 were amplified by
PCR introducing a BamHI (5’) and Xhol (3”) restriction
site. Both sSCAR and scFv PCR products were
simultaneously ligated into the pcDNA3.1 plasmid
(Invitrogen, Carlsbad, CA), digested with HindIII and Xhol
restriction enzymes, thereby constructing
pcDNA/sCAR/6h/MFE and pcDNA/sCAR/6h/C6.5. The
constructed plasmids were verified by sequencing. HEK-
293 cells were stably transfected with Pvul linearized
plasmid  using Superfect  transfection reagent
(Qiagen,Valencia, CA, USA), and clones were selected for
high production and secretion of protein in the supernatant.
After expansion of a positive clone, media was collected
and protein was purified by immobilized metal-affinity
chromatography (Ni-NTA Superflow, Qiagen), followed by
dialysis against PBS.

2.3 Adenoviral Vectors

For labeling Ad vectors with quantum dots we utilized a
virus with a biotin acceptor peptide genetically incorporated
into the hexon capsid protein, generously provided by Dr.
Michael A. Barry, Baylor College of Medicine [8]. This
virus is metabolically biotinylated upon replication,
allowing the coupling of streptavidin-labeled molecules,
particles or complexes. For labeling Ad vectors with gold
nanoparticles we utilized a virus with a six-histidine motif
genetically incorporated into the hexon capsid protein,
generously provided by Dr. Hongju Wu, University of
Alabama at Birmingham [9], allowing coupling of Ni-
NTA-labeled molecules, particles or complexes. To
produce the viruses, HEK-293 cells were infected using
medium containing 2% fetal bovine serum; following
overnight incubation regular 10% medium was added to the
cells and incubated until a total cytopathic effect was
observed. Cells were harvested, frozen and thawed four
times, and virus was purified using standard CsCl
purification methods. Viral particle number was determined

by measuring absorbance at 260nm using a conversion
factor of 1.1 x 10" viral particles per absorbance unit [10].

2.4 Labeling Ad Vectors with Quantum Dots

QDs labeled with streptavidin on their surface (655 nm,
Invitrogen, Carlsbad, CA) were incubated with Ad vectors
expressing biotin molecules on their surface in a QD:Ad
ratio of 1250 (mole:particle), before being added to the c-
erbB2-expressing MDA-MB-361 breast cancer cells. Cells
were plated the prior day in 2-well Lab-Tek™ Chamber
Slides™ (Nalge Nunc International, Rochester, NY) at a
concentration of 25,000 cells per well. The Ad-QD
complex (MOI 5,000 particles/cell) was targeted to c-erbB2
by adding a final concentration of 1 ug/mL of the
previously described bi-functional adapter molecule sCAR-
C6.5 to the reaction mixture [11]. The Ad-QD-sCAR-C6.5
complexes, or QDs by themselves, were incubated with
cells for 30 min at 4 °C, after which unbound complexes
were removed via washing. Cells were subsequently
incubated at 37 °C for 30 minutes. Cells were then washed,
fixed in neutral-buffered formalin, washed again, embedded
in 90% glycerol and imaged utilizing Dual Mode
Fluorescence (CytoViva Inc, Auburn, AL).

2.5 Labeling Ad Vectors with Gold
Nanoparticles

Ni-NTA-labeled gold nanoparticles (AuNP;
Nanoprobes, Yaphank, NY) were incubated with Ad
vectors (1 x 10" viral particles total) presenting a six-
histidine motif on their surface and carrying luciferase as a
transgene in a AuNP:Ad ratio of 2,000 (particle:particle).
As a control, AuNP were incubated with Ad vectors lacking
a six-histidine motif and Ad vectors were incubated without
AuNP present. AuNP-labeled Ad vectors were separated
from unreacted reagents in a CsCl density gradient. Viral
particle number was again determined as described above.

To assess Ad retargeting, CEA-expressing MC38-CEA-
2 colon cancer cells cells were plated in triplicate at a
density of 1 x 10° cells/well in 24-well plates. The
following day, 1 x 10’ viral particles (MOI 100
particles/cell) were incubated for 15 min at room
temperature with 75 ng of the previously described sCAR-
MFE [6], before being added to the cells in medium
containing 2% fetal bovine serum. After 2 hours of
incubation, medium containing the virus was removed and
replaced with regular growth medium. Cells were incubated
for an additional 22 hours and were subsequently washed
with PBS and lysed using Reporter Lysis Buffer (Promega,
Madison, WI). After one freeze-thaw cycle, luciferase
activity was measured using the Luciferase Assay System
(Promega), according to manufacturer’s instructions.
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3 RESULTS & DISCUSSION

We herein aimed to demonstrate that targeted Ad
vectors can serve as a platform for tumor-selective delivery
of metal nanoparticles, providing either imaging or
therapeutic properties, or both. This would allow a potential
combination of nanotechnology and gene therapy
approaches for the imaging and treatment of cancer. We
therefore analyzed whether delivery of nanoparticles inside
tumor cells was feasible, and whether infection of tumor
cells with nanoparticle-labeled Ad vectors would still result
in transgene expression.

First, we coupled streptavidin-labeled QDs to
biotinylated Ad vectors, and analyzed cellular uptake of the
complexes upon targeting to the tumor associated antigen c-
erbB2 using the bi-functional protein sCAR-C6.5. In
contrast with untargeted QDs (Figure 1A), targeted Ad-QD
complexes were taken up by c-erbB2 expressing cells and
clearly visible in intracellular compartments (Figure 1B).
This indicates the potential of targeted Ad vectors to carry
nanoparticles inside tumor cells, where they can function as
imaging or therapeutic agents.

Figure 1: Dual Mode Fluorescence imaging of MDA-
MB-361 cells, incubated with either (A) streptavidin-
labeled QDs alone or (B) streptavidin-labeled QDs coupled
to c-erbB2-targeted Ad vectors. Targeting the QDs to tumor
cells utilizing the Ad platform resulted in a clear punctate
pattern of red fluorescence, indicating their intracellular
presence.

Next, we coupled Ni-NTA-labeled AuNPs to Ad vectors
expressing a six-histidine tag in the hexon capsid protein.
An increase of the density of Ad vectors in a CsCl gradient
demonstrated the successful coupling of Ni-NTA-labeled
AuNP to six-histidine labeled Ad vectors (Figure 2C, thick
arrow), whereas the similar density of the control Ad
(Figure 2A) and the Ad vector without a six-histidine tag
but incubated with AuNP (Figure 2B), indicates that no
unspecific interaction occurs between Ad and AuNP (thin
arrow).

Figure 2: Photographs of CsCl density gradient
centrifugation of (A) Ad vectors alone, (B), Ad vectors
without a 6-His tag but with Ni-NTA AuNP and (C) Ad
vectors labeled with 6-His in hexon, coupled to
Ni-NTA-AuNP.

After successful coupling of AuNP to Ad vectors was
demonstrated by the increase in density in a CsCl gradient,
we analyzed the ability of the Ad vector to target the tumor-

associated antigen carcinoembryonic antigen (CEA) and
express the transgene it encodes.
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Figure 3: Luciferase expression in MC38-CEA-2 cells,

24 hours after infection by Ad vectors incorporating a 6-his
tag in hexon, either without (left) or with (right) Ni-NTA
AuNP coupled to their surface. Bars represent mean + sd.
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This is particularly important if gene therapy and
nanotechnology will be used as synergistic therapeutic
approaches within one multifunctional nanoscale system.
Since the AuNPs were selectively coupled to the hexon
capsid protein of the virus, which is not important for the
viral retargeting and infection pathway, it was anticipated
that transgene expression would not be reduced upon
nanoparticle coupling. As expected, luciferase analysis
indeed demonstrated that AuNP coupling to Ad did not
negatively affect virus infectivity and retargeting ability to
CEA-expressing MC38-CEA-2 cells (Figure 3). This is a
significant improvement on coupling methods employed
thus far, where AuNP were non-specifically coupled to
lysine residues present in all capsid proteins, resulting in
reduced infection and retargeting abilities of Ad at high
ratios of AuNP:Ad [12].

4 CONCLUSION

The presented data demonstrates the feasibility of
coupling metal nanoparticles to targeted Ad vectors.
Importantly, Ad vector infectivity and retargeting ability
were retained upon nanoparticle coupling. Therefore, Ad
can provide a versatile platform for selective binding of
nanoparticles, resulting in a multifunctional agent capable
of simultaneous targeting and treatment of cancer by
utilizing gene therapy and nanotechnology approaches. This
will provide new opportunities for the diagnosis and
treatment of tumors that are refractory to currently available
classical therapeutic interventions.
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Nanotechnology holds great promise for the treatment of diseases like cancer.
In this regard, gold nanoparticles (AuNPs) have biomedical applications such
as drug delivery, imaging and hyperthermia induction. However, lack of
AuNP targeting to tumor cells is a major impediment for realization of these
therapeutic possibilities. Therefore, we propose to use targeted adenoviral
(Ad) gene therapy vector as a platform for selective assembly and delivery of
AuNPs to tumors. This would also allow a combination of gene therapy and
nanotechnology for tumor treatment. We have previously demonstrated that
AuNPs can be non-specifically coupled to Ad. We herein aim to further this
paradigm by assembling AuNPs at specific Ad capsid locations and thus avoid
detrimental effects on Ad infectivity and targeting that were observed with the
non-specific approach. Towards this goal, 1.8 nm Ni-NTA-AuNPs were
coupled to Ad vectors expressing a 6-His tag at different capsid locations,
including fiber fibritin (FF, ~9 copies), pIX (240 copies) or hexon (720
copies). Upon coupling AuNPs to Ad, the molecular weight of the hexon virus
increased in a CsCl density gradient indicating successful attachment of the
AuNPs. However, no increase in the density of FF and pIX viruses was
observed. Transmission electron microscopy confirmed the presence of gold
in the hexon virus and its absence in FF and pIX viruses. This corroborates
with the fact that that FF virus has few 6-His (~9) tags for AuNP binding.
With respect to pIX, this protein is structurally located 65 A below the main
surface of the Ad capsid and might therefore be inaccessible to AuNPs. This
indicates that hexon is the most optimal location for AuNP binding to the
capsid. Importantly, no adverse effects on viral infectivity or tumor targeting
ability were observed after coupling of AuNPs to the hexon virus. Therefore,
Ad can provide a versatile platform for selective binding of AuNPs, resulting
in a multifunctional agent capable of simultaneous targeting and treatment of
cancer by utilizing gene therapy and nanotechnology approaches.
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Background/Objective: Despite advances in detection and treatment of cancer, development of novel
therapies remains essential in the continuing battle against this disease; in this regard, nanotechnology
holds great promise. For example, tumor imaging opportunities have expanded by the development of
quantum dots (QDs) for fluorescence based detection, or magnetic nanoparticles for magnetic resonance
imaging applications. Novel tumor treatment opportunities are exemplified by the use of gold
nanoparticles, which upon absorption of laser energy radiate heat to kill neoplastic cells via hyperthermia.
However, for all these applications of metal nanoparticles, selective tumor targeting is crucial for
successful clinical application. Considering the great progress made in targeting adenoviral (Ad) gene
therapy vectors to tumors, we therefore aim to couple metal nanoparticles with targeted Ad vectors in
order to achieve specific, selective tumor accumulation. This combination of novel nanotechnology
developments and gene therapy targeting strategies is expected to lead to the development of a unique
methodology for cancer detection and treatment.

Hypothesis: Ad vectors can be conjugated with metal nanoparticles, without compromise of vector
infectivity, targeting ability, or nanoparticle function.

Experimental Approach: For labeling Ad vectors with quantum dots, a chimeric virus expressing the
biotin acceptor peptide in the hexon capsid protein was utilized." This virus is metabolically biotinylated
upon replication, facilitating interaction with streptavidin-labeled QDs (655 nm, Invitrogen). The Ad-QD
complex was targeted to c-erbB2-expressing breast cancer cells (MDA-MB-361) using the previously
described bi-functional adapter molecule sCAR-C6.5.> Cells were imaged utilizing the Dual Mode
Fluorescence technique (CytoViva). For labeling Ad vectors with gold nanoparticles, an Ad containing a
six-histidine motif in the hexon capsid protein’ allowed for coupling of Ni-NTA-labeled gold
nanoparticles (AuNP; Nanogold). AuNP-labeled Ad vectors were purified from remaining reagents using
a CsCl density gradient. The purified Ad-AuNP complex was targeted to CEA-expressing colon cancer
cells (MC38-CEA-2) using the previously described bi-functional adapter molecule sSCAR-MFE.* Virus
infectivity and targeting ability were determined using luciferase transgene expression analysis of the
infected cells.

Results: Targeted Ad-QD were taken up by c-erbB2 expressing cells and clearly visible as multiple
fluorescent spots in intracellular compartments (Fig. 1). An increase in the density of Ad vectors in a CsCl
gradient demonstrated a successful coupling reaction of Ni-NTA-labeled AuNP to six-histidine labeled
Ad vectors (Fig. 2). Luciferase analysis demonstrated that AuNP coupling to Ad did not negatively affect
virus infectivity and retargeting ability to CEA expressing cells (Fig. 3).

Discussion/Impact/Significance: The presented data demonstrates the feasibility of coupling metal
nanoparticles to targeted Ad vectors. Importantly, Ad vector infectivity and retargeting ability in addition
to nanoparticles utility remained unaffected. Therefore, Ad can provide a versatile platform for selective
binding of nanoparticles, resulting in a multifunctional agent capable of simultaneous targeting and
treatment of cancer through utilization of gene therapy and nanotechnology approaches. This will provide
new opportunities for advanced diagnosis and treatment of tumors refractory to the currently available
classical therapeutic interventions.

Topic area: CancerNano 2007: Drug Delivery
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Figures

Fig. 1 Dual-mode fluorescence imaging of MDA-MB-361 cells,
incubated for 30 min at 4 °C with either (A) streptavidin-labeled QDs
alone or (B) streptavidin-labeled QDs conjugated to c-erbB2-targeted
Ad vectors. After the initial incubation step, cells were washed and
incubated in cell culture medium for an additional 30 min at 37 °C, to
allow Ad binding and internalization. Targeting the QDs to tumor
cells utilizing the Ad platform resulted in a clear punctate pattern of
red fluorescence, indicating their intracellular presence.

Fig. 2 Photographs of CsCl density

gradient centrifugation of (A) Ad
3.E+07 - vectors alone, (B), Ad vectors without
a 6-His tag but with Ni-NTA AuNP and
(C) Ad vectors labeled with 6-His in
hexon, coupled to Ni-NTA AuNP. Note
the similar density of Ad bands in (A)
and (B), indicating that no unspecific
interaction occurs between Ad and
AuNP (thin arrow). In contrast, Ad
vectors labeled with 6-his in hexon
clearly increased in density (C),
indicating successful coupling of AuNP.
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Fig. 3 Luciferase expression in MC38-CEA-2 cells, 24 hours
after infection by Ad vectors incorporating a 6-his tag in hexon,
either without (left) or with (right) Ni-NTA AuNP coupled to
their surface. Bars represent mean = sd. Transgene expression
is not affected by AuNP coupled to the surface of the vectors,
feasibilizing delivery of AuNP and gene therapy as a
No AuNP AuNP combinatorial therapeutic approach.
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Summary

Despite advances in detection and treatment of cancer, development of
novel therapies remains essential; in this regard, nanotechnology holds
great promise. For example, tumor imaging opportunities have expanded
by the development of quantum dots (QDs) for fluorescence based
detection, and novel tumor treatment opportunities are exemplified by the
use of gold nanoparticles (AUNPs). AuNP will, upon absorption of laser
energy, radiate heat to kill neoplastic cells via hyperthermia. However, for
all these applications of metal nanoparticles, selective tumor targeting is
crucial for successful clinical application. Considering the great progress
made in targeting adenoviral (Ad) gene therapy vectors to tumors, we
therefore aim to couple metal nanoparticles with targeted Ad vectors in
order to achieve specific, selective tumor accumulation. We herein
demonstrate that metal nanoparticles such as QDs and AuNPs can indeed
be coupled to adenoviral vectors, without compromising viral infectivity,
retargeting ability or function of the nanoparticles. This combination of
novel nanotechnology developments and gene therapy targeting strategies
is expected to lead to the developi of a unique for cancer
detection and treatment.
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Tumor-targeted Ad vectors can serve as a delivery platform for metal
nanoparticles and thus provide a novel method for cancer imaging and
combination therapy.
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Nanotechnology offers novel treatment opportunities for diseases like cancer. In this
regard, gold nanoparticles (AuNPs) can be used for hyperthermic tumor cell killing.
However, targeted delivery of AuNPs to tumors limits the utilization of this treatment
option. In this regard, we have previously demonstrated successful coupling of 1.8 nm
diameter AuNPs to tumor-targeted gene therapeutic adenoviral (Ad) vectors. The AuNP-
labeled Ad vector represents a multifunctional nanoscale system that can be utilized for
cancer treatment through nanotechnology and gene therapy approaches. In this study, we
aim to further delineate the parameters required for laser-induced AuNP-mediated
hyperthermic tumor cell ablation, which would pave the way for combining hyperthermia
with gene therapy. Towards this goal, we laser irradiated (5.2 W, 532 nm, 600 pulses)
HeLa cells incubated with AuNPs (1.8 nm diameter), stained the cells with propidium
iodide, and subjected them to flow cytometry viability analysis. However, the results of
the analysis did not show any difference in cell viability in either absence or presence of
AuNPs. The lack of hyperthermic induction might be due to weak absorption in the 532
nm range by the 1.8 nm diameter AuNPs. Thus, we are currently testing a range of
AuNPs (5 nm, 20 nm, and 40 nm diameter) to determine the optimum size for inducing
hyperthermia. Upon optimization of the critical parameters for hyperthermic induction
using AuNPs, it would be possible to combine nanotechnology with gene therapy for
tumor treatment.
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the cells w| ith propidium iodide, and subjected them to flow ci ylomElry propidium iodide and subjected 20 nm, and 40 nm gold
viability analysis. However, the results of the analysis did not show any « SCAR-MFE has shown in vitro and in to flow cytometry viability nanoparticles
difference In cell viablity Ir' efther absance or presenice of AuNPs. The lack vivo targeting abilities Wash with PBS analysis
of hyperthermic induction might be due to weak absorption in the 532 ni
range bf the 1.8 nm diameter AuNPs Tnus, we are currently testing a CEA \
range of AuNPs (5 nm, 20 nm, and 40 nm diameter) to determine the - This opens the possibility of Ad 1 Laser
optimum size f(;]r mduhcmg hypev(hermla Upen optimization gl the cglucal vectors being used to target gold
parameters for hyperthermic induction using AuNPs, it would be possible to . N
combine nanmec{nology with gene therapy for tumor treatment. nanoparticles to tumor cells Cpel" V'Cab""y with
N N low Cytometry . 0
Tumor cell
Nanotechnology Offers'l\'lovel Gold Nanoparticles Can Be Coupled to Using 1.8nm AuNPs in Laser Irradiation Does Determining Parameters for Hyperthermic
Treatment Opportunities Ad Vectors Not Significantly Change Cell Viability Induction Can Offer New Cancer Treatments
OO
. [¢) 6
- Nanoparticles have novel O ? o = We have previously demonstrated @o rfnﬂ?m[‘?l:gkpi?:::‘e:m") 2°
properties which can be e ﬂ that 1.8 nm gold nanoparticles R
harnessed for unique 03/ /E8 can be conjugated to Ad vectors ] 2 hour D
biomedical applications -~ Gold g, \ - Hyperthermia induction can be the
0’0 f § = Cold coupled to Ad vectors can be B bridge to link nanotechnology with
= In this regard, nanoparticles delivered to tumor cells TR PYeT gene therapy for cancer treatment
can be used for: °
— Imaging I § SCAR- M:E = The next step is to induce s s O OB b0
~ Hyperthermia hyperthermic tumor cell ablation Wash with PBS t lesoridad ¢
‘Source:http: //nano.cancer.gov/resource_ce using tumor-targeted gold uL of added gold nanoparticles
nter/nanotech_nanoshells.asp nanoparticle labeled Ad vectors \l
Laser
umor-Targeted - No difference in cell viability
Gold Nanoparticle -Labeled Ad Vector Cell Viability with after hyperthermia in the
2 5 Flow Cytometry different treatment groups 8 11
Gold Nanoparticles and Nanoclusters Can Kill Delineating Parameters for Use of Gold Various Sizes of Gold Nanoparticles Absorb . .
. X . . X Realization of Nanoparticle Parameters
Tumor Cells Upon Laser Irradiation Nanoparticles for Hyperthermic Induction Differently at the 532 nm Wavelength
Lasar radiation - Gold nanoparticles induce thermal
+ 44 bubble formation upon laser
irradiation, resulting in
hyperthermic cell killing
< Our initial experiments used 1.8nm 5nm C\. /O oot e e oot .
— 1.8 nm gold nanoparticles for - etermining the optimum-size
- Clustering of nanoparticles — ' oupling to At vectors o, \. nanoparticle to use with an Ad
nanoclusters — wil st n 8j\ 8j\ vector is one more step
overlapping bubbles, increasing towards combining gene
= We therefore used this size
therapeutic effects nanoparticle to delineate \ therapy and nanotechnology
parameters for tumor-targeted
Bubiies - Impediments of realization of this gold nanoparticle-labeled Ad
tumor treatment: Vectors 20 nm 40 nm
Cancer cell — Delivery to tumor cells
| — Delineating parameters for * The 1.8 nm nanoparticle does
N - Nanorech, reroy et 2l hyperthermia induction which explains the lack of
g | ty: 356545 3 6 hyperthermic induction ° 12
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